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Abstract 

Frequency regulation is an important part of grid ancillary services in the UK power system to 

mitigate the impacts of variable energy resources and uncertainty of load on system frequency. 

The National Grid Electricity Transmission (NGET), the primary electricity transmission 

network operator in the UK, is introduced various frequency response services such as firm 

frequency response (FFR) and the new fast enhanced frequency response (EFR), which are 

designed to provide real-time response to deviations in the grid frequency. Flexible and fast 

response capabilities of battery energy storage systems (BESSs) make them an ideal choice to 

provide grid frequency regulation. This thesis presents control algorithms for a BESS to deliver 

a charge/discharge power output in response to deviations in the grid frequency with respect to 

the requisite service specifications, while managing the state-of-charge (SOC) of the BESS to 

optimize the availability of the system. Furthermore, this thesis investigates using the BESS in 

order to maximize triad avoidance benefit revenues while layering UK grid frequency response 

services. Using historical UK electricity prices, a balancing service scheduling approach is 

introduced to maximize energy arbitrage revenue by layering different types of grid balancing 

services, including EFR and FFR, throughout the day. Simulation results demonstrate that the 

proposed algorithm delivers both dynamic and non-dynamic FFR and also EFR to NGET 

required service specifications while generating arbitrage revenue as well as service availability 

payments in the balancing market. In this thesis, a new fast cycle counting method (CCM) 

considering the effect of current rate (C-rate), SOC and depth-of-discharge (DOD) on battery 

lifetime for grid-tied BESS is presented. The methodology provides an approximation for the 

number of battery charge-discharge cycles based on historical microcyling SOC data typical of 

BESS frequency regulation operation. The EFR and FFR algorithms are used for analysis. The 

obtained historical SOC data from the analysis are then considered as an input for evaluating 

the proposed CCM. Utilizing the Miner Ruleôs degradation analysis method, lifetime analysis 

based on battery cycling is also provided for a lithium-titanate (LTO) and lithium-nickel-

manganese-cobalt-oxide (NMC) battery. The work in this thesis is supported by experimental 

results from the 2MW/1MWh Willenhall Energy Storage System (WESS) to validate the 

models and assess the accuracy of the simulation results. 



2 

 

List of Publications 

Parts of the work presented in this thesis have been enclosed in the following internationally-

respected publications. 

Journal Publication 

[J1] B. Gundogdu, S. Nejad, D. T. Gladwin, M. P. Foster, and D. A. Stone, "A battery 

energy management strategy for U.K. enhanced frequency response and triad 

avoidance," IEEE Trans. Ind. Electron.., vol. 65, no. 12, pp. 9509-9517, Dec. 2018. 

[J2] B. Gundogdu, D. T. Gladwin, S. Nejad, M. P. Foster, and D. A. Stone, "Scheduling 

of grid tied battery energy storage system participating in frequency response services 

and energy arbitrage", IET Gener. Transm. Dis., published, 26 Feb 2019. 

[J3] B. Gundogdu, D. T. Gladwin, and D. A. Stone, "Battery energy management 

strategies for UK firm frequency response service and energy arbitrage," in IET J. 

Eng. vol. 2019, no. 17, pp. 4152-4157, June 2019. 

Conference Proceedings 

[C1] B. Gundogdu, D. T. Gladwin, and D. A. Stone, "Battery energy management 

strategies for UK firm frequency response service and energy arbitrage," in IET Int. 

Conf. Power Electron. Mach. Drives (PEMDô18), Liverpool, UK, 2018, pp. 1-6. 

[C2] B. Gundogdu, D. T. Gladwin, M. P. Foster, and D. A. Stone, "A forecasting battery 

state of charge management strategy for frequency response in the UK system," in 

IEEE Int. Conf. Ind. Technol. (ICITô18), Lyon, France, 2018, pp. 1726-1731. 

[C3] B. Gundogdu and D. T. Gladwin, "A fast battery cycle counting method for grid-

tied battery energy storage system subjected to microcycles," in IEEE Int. Elect. Eng. 

Cong. (iEECONô18), Krabi, Thailand, 2018, pp. 1-6. 

[C4] B. Gundogdu and D. T. Gladwin, "Bi-directional power control of grid-tied battery 

energy storage system operating in frequency regulation," in IEEE Int. Elect. Eng. 

Cong. (iEECONô18), Krabi, Thailand, 2018, pp. 1-6. (Best Paper Awarded) 

[C5] B. Gundogdu, D. T. Gladwin, and D. A. Stone, "Battery SOC management strategy 

for enhanced frequency response and day-ahead energy scheduling of BESS for 



3 

 

energy arbitrage," in IEEE Ind. Electron. Soc. Annu. Conf. (IECONô17), Beijing, 

China, 2017, pp. 7635-7640. 

[C6] B. Gundogdu, D. T. Gladwin, and D. A. Stone, "A battery energy management 

strategy for UK enhanced frequency response," in IEEE Int. Symp. Ind. Electron. 

(ISIEô17), 2017, Edinburg, Scotland, pp. 1-6. 

Manuscript in Preparation 

[M1]  B. Gundogdu, D. T. Gladwin, and D. A. Stone, "Battery lifetime analyses for large 

scale grid-tied battery energy storage system operating in frequency regulation,ò 

IEEE Trans. Ind. Electron., (2019).  

  

  

 

 

 

 

 

 

  



4 

 

Acknowledgment 

With the sincerest gratitude in my heart, I would like to thank to my doctorate supervisor and 

truly dedicated mentor, Dr Daniel Thomas Gladwin, and my co-supervisor, Prof David Stone, 

for their patient guidance, continuous support, encouragement, technical advices, direction and 

constructive criticism throughout the course of my doctoral degree.  I could not have imagined 

having a better advisor and mentor for my PhD study. 

I would like to thank the Turkish Ministry of National Education for funding my PhD. 

I would like to give my special thanks to my husband Dr Tayfun Gundogdu, who was my 

colleague in the University of Sheffield, for his endless love, moral support, encouragement, 

motivation, and great technical discussions throughout my PhD. He has been a true and great 

supporter in my general life. I would like to thank my family: my parents Mr Tahsin Mantar 

and Mrs Nilgun Mantar, and to my brother Mr Tayfun Mantar for their unconditional love, 

everlasting moral support and encouragement, without whom, this journey would have not 

been possible.  

I would like to thank Dr Shahab Nejad, Prof Martin Foster and Mr Peter Barton for their 

encouragement and technical advices on my PhD. I wish to give my special thanks to Prof Zi-

Qiang Zhu, who is my husbandôs PhD supervisor, for his kind encouragement, support and 

motivation during my PhD. I also thank to other academic members at The University of 

Sheffield who have blessed me with their technical and moral support throughout my research.  

I would like to thank Dr Petrica Taras for his technical advices and great discussions on my 

PhD; and thanks to my colleagues and officemates in for the stimulating discussions and all 

the fun we have had in the last four years. I would like to thank all my friends, who created a 

positive environment for me to complete my PhD studies in. I also thank my colleagues, who 

have been a pleasure to work with during the four years in the Centre for Research into 

Electrical Energy Storage & Applications, CREESA. 

Finally, I would like to thank Prof Guven Komurgoz Kiris and Prof Okan Ozgonenel for their 

kind encouragement and moral support throughout my PhD. 

  



5 

 

Content  

 

Abstract ..................................................................................................................................... 1 

List of Publications .................................................................................................................. 2 

Acknowledgment ...................................................................................................................... 4 

Nomenclature ......................................................................................................................... 12 

Abbreviation ........................................................................................................................... 16 

1 General Introducti on ..................................................................................................... 22 

1.1 Thesis Organizations ............................................................................................... 22 

1.2 Introduction  ............................................................................................................. 26 

1.3 Energy Storage Systems (ESSs) ............................................................................. 29 

1.3.1 Importance of Energy Storage in Power Systems ................................................. 29 

1.3.2 Classification of Energy Storage Technologies .................................................... 30 

1.3.3 ESS Applications used for Supporting Power System ......................................... 35 

1.4 Battery Energy Storage Systems (BESSs) ............................................................. 39 

1.4.1 Battery Terminologies .......................................................................................... 40 

1.4.2 Types of Batteries ................................................................................................. 42 

1.4.3 Functions of Grid Scale BESS for Grid Support .................................................. 44 



6 

 

1.4.4 Some Examples of Installed Battery Energy Storage Systems in Power System . 45 

1.4.5 Grid-Tied Battery Energy Storage System Configuration .................................... 47 

1.4.6 Battery Management System (BMS) .................................................................... 47 

1.5 Future of UK Power System and National Grid Product Strategies .................. 51 

1.5.1 Comparison of Traditional and Future UK Power System ................................... 51 

1.5.2 UK Grid Flexibility ............................................................................................... 54 

1.5.3 Future UK Power System Needs .......................................................................... 55 

1.5.4 Future of National Grid Balancing Services Product Strategy Consultation ï 

Implications for Energy Storage ...................................................................................... 58 

1.6 Grid Storage Services and Applications................................................................ 61 

1.6.1 Frequency Response Services ............................................................................... 61 

1.6.2 Triad Avoidance .................................................................................................... 63 

1.6.3 Energy Arbitrage ................................................................................................... 64 

1.7 Literature Review .................................................................................................... 65 

1.7.1 Frequency Regulation ........................................................................................... 65 

1.7.2 Grid Storage Applications ..................................................................................... 66 

1.7.3 Distributed Generation (DG) System .................................................................... 68 

1.7.4 Energy Storage Systems (ESSs) ........................................................................... 69 

1.7.5 Battery Energy Storage Systems (BESSs) ............................................................ 70 

1.7.6 Power Management & Energy Management System (EMS) ............................... 73 

1.7.7 Battery Management System (BMS) and State-of-Charge (SOC) Estimation ..... 74 

1.7.8 Battery Lifetime Analyses .................................................................................... 75 



7 

 

2 Control of Grid Tied Battery Energy Storage System for Frequency Response 

Services.................................................................................................................................... 77 

2.1 Introduction  ............................................................................................................. 77 

2.2 BESS Control for Firm Frequency Response (FFR) Service .............................. 79 

2.2.1 BESS Control for Dynamic FFR Service with No Battery SOC Management .... 80 

2.2.2 Simulation Results of the BESS Control for DFFR Service ................................. 84 

2.2.3 BESS Control for Static FFR Service ................................................................... 86 

2.2.4 Simulation Results of the BESS Control for SFFR Service ................................. 88 

2.2.5 BESS Control for DFFR Service with Battery SOC Management ....................... 90 

2.2.6 Simulation Results of the BESS Control for DFFR with SOC Management ....... 95 

2.3 BESS Control for Pre-Enhanced Frequency Response (Pre-EFR) Service .... 101 

2.3.1 Pre-EFR Service Specifications .......................................................................... 102 

2.3.2 Pre-EFR Control Algorithm Design ................................................................... 103 

2.3.3 Simulation Results of Pre-EFR Control Algorithm ............................................ 105 

2.4 BESS Control for Enhanced Frequency Response (EFR) Service ................... 113 

2.4.1 NGET required EFR Service Specifications ....................................................... 114 

2.4.2 Standard EFR Control Algorithm (EFR-A1) Design.......................................... 116 

2.4.3 Advanced EFR Control Algorithms (EFR-A2 and EFR-A3) Design ................. 121 

2.4.4 Standard EFR Algorithm with SOC-based Proportional Control (EFR-A4) ...... 122 

2.4.5 Simulation Results of the Standard EFR Control Algorithm (EFR-A1) ............ 125 

2.4.6 Simulation Results of the Advanced EFR Control Algorithm (EFR-A2) .......... 129 

2.4.7 Simulation Results of the Advanced EFR Control Algorithm (EFR-A3) .......... 130 



8 

 

2.4.8 Simulation Results of the Standard EFR Control Algorithm with Proportional 

Control (EFR-A4) .......................................................................................................... 132 

2.4.9 Analyses of Simulation Results of the all EFR Control Algorithms .................. 138 

2.5 Conclusion .............................................................................................................. 140 

3 BESS Control for Grid Scale Energy Storage Applications through Frequency 

Response Services................................................................................................................. 143 

3.1 Introduction  ........................................................................................................... 143 

3.2 Triad Avoidance .................................................................................................... 148 

3.2.1 Triad Avoidance Strategy through EFR service ................................................. 151 

3.2.2 Simulation Results of the Triad Avoidance Strategy .......................................... 152 

3.3 Energy Arbitrage................................................................................................... 161 

3.3.1 Investigation of the General UK Electricity Price Pattern .................................. 161 

3.3.2 Scheduling Approach of Grid Tied BESS Participating in Frequency Response for 

Energy Arbitrage............................................................................................................ 162 

3.3.3 Simulation Results of the Scheduling Approach ................................................ 165 

3.4 Conclusion .............................................................................................................. 172 

4 Willenhall Energy Storage System ............................................................................. 173 

4.1 WESS Control ....................................................................................................... 175 

4.2 WESS Design ......................................................................................................... 178 

4.2.1 Battery Pack Information .................................................................................... 179 

4.2.2 Power Converter Control .................................................................................... 180 



9 

 

4.2.3 Transformer ......................................................................................................... 181 

4.3 WESS Grid Scale Applications ............................................................................ 182 

4.4 WESS Experimental Results ................................................................................ 183 

4.4.1 Experimental Verification with WESS for EFR-A1 Control Algorithm ............ 183 

4.4.2 Experimental Verification with WESS for DFFR Control Algorithm ............... 185 

5 Lifetime Analyses of BESS Operating in Grid Frequency Regulation ................... 189 

5.1 Introduction  ........................................................................................................... 189 

5.2 Review on CCMs and Battery Degradation Methodologies.............................. 195 

5.2.1 CCMs .................................................................................................................. 195 

5.2.2 Battery Degradation Analyses Methodology ...................................................... 198 

5.3 A New Fast CCM Considering Various Effects on Battery Lifetime ............... 199 

5.3.1 A Basic Fast CCM .............................................................................................. 200 

5.3.2 Simulation Results of the Basic Fast CCM ......................................................... 203 

5.3.3 Fast CCM considering only C-rate Effect on Battery Lifetime .......................... 210 

5.3.4 Simulation Results of the Fast CCM considering C-rate Effect ......................... 211 

5.3.5 Fast CCM considering both C-rate and SOC Effect on Battery Lifetime .......... 215 

5.3.6 Simulation Results of the Fast CCM considering both C-rate and SOC effect .. 217 

5.3.7 Fast CCM considering Effect of DOD in Partial Charge/Discharge Cycling .... 226 

5.4 Conclusion .............................................................................................................. 235 

6 Conclusions and Future Work .................................................................................... 239 



10 

 

6.1 Conclusion .............................................................................................................. 239 

6.1.1 BESS Control for Dynamic and Static Firm Frequency Response Services ...... 240 

6.1.2 BESS Control for Pre Enhanced Frequency Response Services ........................ 240 

6.1.3 BESS Control for Enhanced Frequency Response Services ............................... 241 

6.1.4 Triad Avoidance Strategy through Enhanced Frequency Response ................... 242 

6.1.5 Scheduling of Grid Tied BESS Participating in UK Frequency Response Services 

and Energy Arbitrage ..................................................................................................... 242 

6.1.6 Battery State of Health Analysis ......................................................................... 242 

6.2 Scope for Future Works ....................................................................................... 243 

References ............................................................................................................................. 244 

Appendix A General Definitions .................................................................................... 265 

A.1 Important Components of the UK Electricity System ........................................... 265 

A.2 Definition of Demand Side Sources ......................................................................... 265 

A.3 Definition of Distribution Network Operator (DNO) and Distribution System 

Operator (DSO) ................................................................................................................ 266 

Appendix B Simulation Findings of Fast CCM ............................................................ 267 

B.1 Fast Battery CCM Considering No Other Effect ................................................... 267 

B.1 Fast Battery CCM Considering SOC and C-rate effect on Battery Lifetime ...... 277 

Appendix C LabVIEW Software Coding of EFR-A1 used in WESS ......................... 281 



11 

 

 

 

  



12 

 

Nomenclature 

Ὓὕὅ Present state-of-charge value % 

ὃὖὙ Total daily arbitrage revenue £/MWh 

ὃὖὙ Total yearly arbitrage revenue £/kWh.yr 

ὃͺ  System electricity buy price £/MWh 

ὃͺ  System electricity sell price £/MWh 

ὅ Cost of BESS charging £/MWh 

ὅ  Cost of BESS discharging £/MWh 

ὅώὧὰὩ Number of charging cycles in cycle counting cycle 

ὅώὧὰὩ Number of discharging cycles in cycle counting cycle 

ὅώὧὰὩ Number of full charge-discharge cycles in cycle counting cycle 

Ὁ Energy stored in the BESS at hour t Wh 

ὔ  Number of cycles  number 

ὔ  Maximum number of cycles  number 

ὖ  EFR measured power kW 

ὖ  EFR output power kW 

ὖ  EFR power set point  kW 

ὖ Delivered bi-directional power  W 

Ὓὕὅ Initial state-of-charge value % 
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Ὓὕὅ Sum of charging indexes in cycle counting % 

Ὓὕὅ  Sum of discharging indexes in cycle counting % 

Ὓὕὅ  Maximum state of charge % 

Ὓὕὅ  Minimum state of charge % 

– Battery charging efficiency % 

–  Battery discharging efficiency % 

–  BESS charge/discharge efficiency in Pre-EFR control % 

ЎὉ Change of energy in battery Wh 

ЎὛὕὅ Change in state of charge % 

C Battery charge power in Pre-EFR control  kW 

CPower DFFR power set-point  kW 

D Battery discharge power in Pre-EFR control  kW 

DB Dead-band frequency Hz 

DN Battery doing nothing in Pre-EFR control  - 

Down Discharging indexes in cycle counting % 

E Battery export power in Pre-EFR control  kW 

E/P Energy/Power ratio number 

f Grid frequency  Hz 

F Grid frequency in SFFR control Hz 

Fhigh High trigger frequency in SFFR control  Hz 
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Flow Low trigger frequency in SFFR control Hz 

I Battery import power in Pre-EFR control  kW 

Pbatt Instantaneous battery power  W 

Pc Calculated power dictated by Pre-EFR  kW 

Pout Output power in Pre-EFR control  kW 

PowerOut DFFR output power  kW 

Ps Set charge/discharge power in Pre-EFR control  kW 

Q Battery watt-hour capacity  Wh 

RampL Lower ramp rate limit set in EFR control MW/s 

RampU Upper ramp rate limit set in EFR control MW/s 

SOC Available state-of-charge % 

SOChigh DFFR high operational state-of-charge limit  % 

SOCinit Initial state-of-charge  % 

SOCl Lower SOC band in Pre-EFR control  % 

SOClow DFFR low operational state-of-charge limit  % 

SOClow Lower SOC operational limit in Pre-EFR control   % 

SOClow Lower SOC operational limit in EFR control   % 

SOCu Higher SOC band in Pre-EFR control  % 

SOCup Upper SOC operational limit in Pre-EFR control   % 

SOCup Upper SOC operational limit in EFR control   % 

SPM Service performance measurement  % 
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SPower Maximum SFFR power response  kW 

Up Charging indexes in cycle counting % 

ɖ Inverter efficiency  % 

ὅ Total battery capacity Wh 

ὑὴ Proportional controller gain  number 

ὖὈ Amount of delivered power in arbitrage control kW 

ὗ Size of battery Wh 

ὛὈὝ Service delivery time hr 

Ὓὖ Service price £/hr 

ὨὛὕὅȾὨὸ Change in state-of-charge % 
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Abbreviation 

AC Alternative current 

ANN Artificial Neutral Network 

AR Arbitrage revenue 

B2G Building-to-Grid  

BES Battery energy storage 

BESS Battery energy storage system 

BM Balancing Mechanism 

BMS Battery management system 

CAES Compressed-air energy storage  

CAN Controller area network 

CCM Cycle counting method 

CCT Coulomb counting technique 

CE Continental Europe 

CES Cryogenics energy storage 

C-rate Current rate 

CSI Current Source Inverter 

DB Dead-band frequency 

DC Direct current 

DFFR Dynamic firm frequency response 
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DG Distributed generation 

DNO Distribution Network Operator 

DOD Depth-of-discharge 

DSM Demand side management 

DSO Distribution System Operator 

DSR Demand side response 

DUoS Distribution network use-of-service charges 

EAR Energy arbitrage revenue 

EDLC Electrochemical double-layer capacitors 

EFR Enhanced frequency response 

EFR-A1 Enhanced frequency response control algorithm-1 

EFR-A2 Enhanced frequency response control algorithm-2 

EFR-A3 Enhanced frequency response control algorithm-3 

EFR-A4 Enhanced frequency response control algorithm-4 

EIS Electrochemical impedance spectroscopy 

EPSRC Engineering and Physical Sciences Research Council 

ES Energy storage 

ESSs Energy storage systems 

EU European Union 

EVs Electric vehicles 

FC Fuel cell 
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FES Flywheel energy storage 

FFR Firm frequency response 

GHG Greenhouse gas 

HES Hydrogen energy storage 

HESS Hybrid energy storage system 

HFR High frequency response 

HHM Half-hourly metered  

LCO Lithium-cobalt-oxide battery 

LiFePO4/C Lithium iron phosphate battery (referred as LFP) 

Li -ion Lithium-ion battery 

LiMO2/Li 4Ti5O12 Lithium Titanate battery (referred as LTO) 

LMO Lithium-manganese-oxide battery 

LTO Lithium-titanate-oxide battery 

MAPE Mean absolute percentage error 

MFR Mandatory Frequency Response 

NaS Sodium-sulphur battery 

NCA Lithium-nickel-cobalt-aluminium battery 

NG National Grid 

NGET National Grid Electricity Transmission System 

NiCd Nickel-cadmium battery 

NiMH Nickel metal hydride battery 
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NISM Insufficient system margin 

NMC Lithium-nickel-manganese-cobalt-oxide battery 

NPV Net present value 

OCV Open circuit voltage 

P/Q Active/reactive power 

PbA Lead-acid battery 

PCS Power conversion system 

PFR Primary frequency response 

PHS Pumped hydroelectric storage 

PI control Proportional-Integral control 

PJM Pennsylvania-New Jersey-Maryland  

Pre-EFR Pre-enhanced frequency response 

PSB Polysulfide bromine flow battery 

PV-BES Photovoltaic battery energy systems 

RCCM Rainflow cycle counting method 

RESs Renewable energy sources 

RMSE Root mean square error 

RO Robust optimisation  

RoCoF Rate of change of frequency 

SAP Service availability payment  

SC Supercapacitor energy storage 
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SFFR Static firm frequency response 

SFFRhigh Static firm frequency ï high response 

SFFRlow Static firm frequency ï low response 

SFR Secondary frequency response 

SMES Superconductive magnetic energy storage 

SOC State-of-charge 

SOH State-of-health 

SPM Service performance measurement 

SW Switch mode in triad avoidance control strategy 

TAB Triad avoidance benefit 

TES Thermal energy storage 

TNUoS Transmission Network Use of Service  

UK United Kingdom 

UoL University of Lancaster 

UoS University of Sheffield 

V2G Vehicle-to-grid 

VPP Virtual Power Plant 

VRB Vanadium redox flow battery 

VSI Voltage Sourced Inverter 

WESS Willenhall energy storage system 

WPP Wind Power Plant 
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ZnBr Zinc bromide battery 

ȹ/ȹ Transformer delta-delta connection 
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1 General Introduction  

1.1 Thesis Organizations 

The work in this thesis began in Jan 2015 at a time when there was only a handful of small grid 

connected batteries and the commercial interest in grid storage was just starting to ramp up. 

Over the last four years battery systems have been commercialised and there are now a number 

of large (>20MW) BESS installed throughout the UK. The work in this thesis has been 

published in three journals and six conference proceedings and has been delivered through 

workshops to a number of industrial partners that have used this knowledge to aid their 

commercialisation. 

The works provided in this thesis are summarised below.  

¶ Development of a BESS model that has been experimentally verified using a 

2MW/1MWh system in which both static and dynamic firm frequency response control 

algorithms have been implemented with state-of-charge (SOC) management. Based on 

historical frequency data, results are presented showing the obtainable performance for 

a BESS delivering these services.  

¶ During the development of the UK enhanced frequency response (EFR) specification 

the maximum power allowed during dead band (DB) was undefined. A sensitivity 

analysis was carried out on both the SOC target range and maximum power in the DB 

for both the wide and narrow services. In the work the service performance 

measurement (SPM) is used as a metric to select the best combination for maximum 

delivery with minimal power. 

¶ For the final UK EFR specification with a defined DB, four control algorithms are 

presented and the SPM of each compared. The first algorithm implements the basic 

service specification, whilst the second includes an optional 30-min non-delivery 

window following a 15-min event that is shown to increase the availability of the BESS. 

The third algorithm utilises the 30-min non-delivery window to manage the SOC of the 

BESS and is demonstrated to both improve the SPM and ability to manage the SOC. 

The fourth algorithm implements a proportional controller for power selection based on 

the EFR envelope that is shown successfully to reduce peak powers of the battery. 
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¶ A method is introduced using SOC target management whilst delivering EFR to prepare 

the BESS, by maximising the stored energy, for Triad Avoidance and participate in 

generating Triad Avoidance Benefit (TAB). A sensitivity analysis is carried out on the 

effects of acting upon different early morning Triad warning times.  

¶ An approach for layering frequency response services and generating arbitrage 

revenues is presented that maximises system profitability. This method utilises SOC 

target management for both arbitrage and service preparation, and using historical 

frequency and electricity pricing data a scheduling method is demonstrated. A total of 

18 different scenarios are analysed across week/weekend and different seasons of the 

year.  

¶ A new fast cycle counting method (CCM) is introduced for counting battery cycles that 

is suited for frequency service applications where micro cycling is typical. The new 

method is further developed to group cycles by C-rate, SOC level, and depth of 

discharge (DOD). The metrics are considered to be the primary factors in grid level 

storage cycling aging and hence levels of degradation can be estimated. 

¶ The CCM is used to study the frequency response service control algorithms presented 

in the thesis to publish typical cycle information. It is demonstrated how the method 

can be used to extract the required information to estimate the degradation based on 

techniques in literature. However, the new way in which the cycles can be attributed to 

different metrics (C-rate, SOC, DOD) means that new techniques based on 

experimental data can be used for more accurate prediction. It is proposed in the work 

how this can be achieved using both c-rate and SOC. 

The main contribution of this thesis is to present a control algorithm that enables BESSs to 

provide a bi-directional power in response to changes in the grid frequency, whilst managing 

the SOC of the BESS to optimise availability of the system. Moreover, this thesis introduces a 

strategy to generate additional revenues from grid storage applications such as Triad Avoidance 

only available during the winter season. This thesis also considers layering different UK grid 

balancing services, EFR and FFR, for Energy Arbitrage to make extra money in order to 

maximise the systemôs availability and profitability. Finally, a new fast cycle counting method 

(CCM) considering the effect of current rate (C-rate), SOC and depth-of-discharge (DOD) on 
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battery lifetime for grid-tied BESS is presented. The method helps to analyse the effect of 

delivering frequency response services on battery lifetime. 

This thesis is organised into several chapters, each contributing a part to the overall objective 

of the thesis. A list of publications corresponding to each chapter is made available in the 

beginning of thesis. A brief description of each chapter is provided below. 

Chapter 1 reviews the structure of the UK power system needs and the requirement for grid 

flexibility. Energy storage systems (ESS) are investigated in detail with the importance of ESS 

in the power system, types of ESS technologies, and ESS applications. One of the most 

important types of ESS, battery energy storage system (BESS), is reviewed in detail with the 

state-of-art of BESS, types of batteries, functions of grid scale BESS, existing BESS 

installations and grid-tied BESS configurations. Chapter 1 also investigates the future of UK 

power system needs and the National Grid (NG) balancing service product strategies. Finally, 

this chapter provides an overall literature review on power system analysis for grid scale ESSs, 

power and energy management strategies, battery management methods, and battery lifetime 

analysis. 

Chapter 2 (J1, J2, C4) presents the UKôs largest 2MW/1MWh Lithium-Titanate (LTO) based 

BESS, operated by the University of Sheffield (UoS), with its battery pack structure, power 

electronic design and BESS operation and control.  

Chapter 3 (J1, J2, J3, C1, C2, C4, C5, C6) presents a dynamic firm frequency response 

(DFFR) control algorithm that enables BESSs to deliver dynamic power in response to 

deviation the grid frequency with respect to the National Grid Electricity Transmission (NGET) 

DFFR specifications. A static firm frequency response high (SFFRhigh) and low (SFFRlow) 

frequency response control algorithm are also developed to deliver a non-dynamic power. 

NGET prepared a Pre Enhanced Frequency Response (Pre-EFR) specification to facilitate a 

tender competition between potential energy storage providers in late 2015. Using the pre-

published enhanced frequency response specification, a generalised UK frequency response 

control algorithm is developed to evaluate control strategies for delivering a real-time response 

to deviations in the grid frequency. At the time of this work BESS focused frequency response 

services were still being developed and therefore any anticipated service specific constraints 

around control in DB had been ignored. This allowed this study to explore forecasting of 
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battery SOC levels and to propose battery charge/discharge management methods in order to 

maximise BESS availability. 

Finally, this chapter introduces four EFR control algorithms that enables BESSs to provide a 

bi-directional power in response to changes in the grid frequency, whilst managing the SOC of 

the BESS to optimise availability of the system. The first EFR control algorithm, called EFR-

A1, introduces a standard control algorithm designed to meet the technical requirements of 

NGET specifications. The advanced EFR algorithm, called EFR-A2, addresses the EFR service 

design with an extended 15-minute frequency event control, in order to optimise the use of the 

available stored energy. The third algorithm, called EFR-A3, extends the EFR control 

algorithm to include a dynamic SOC target to maximise the energy stored. Finally, the last EFR 

algorithm, called EFR-A4, includes a SOC-based proportional controller in the standard EFR 

control algorithm (EFR-A1) to optimize the power delivery in order to reduce the battery 

degradation and hence extend the battery lifetime. The developed DFFR and EFR control 

algorithms have been experimentally validated with the WESS 2MW/1MWh battery. 

Chapter 4 (J1, J2, J3, C1, C5) begins by introducing a technique using SOC target 

management to combine EFR service with Triad Avoidance. A new effective Triad strategy 

layering grid frequency response service is developed to increase battery storage availability 

to maximize Triad avoidance benefit (TAB) revenues. The performance of the EFR service 

delivery through TAB is quantified. The Chapter 3 presented the EFR control methodologies 

with their simulation results; and this chapter extends to show how this can be used to maximise 

profits from other services such as Triad Avoidance. 

Chapter 4 also introduces a scheduling method for BESS participating in frequency response 

services and energy arbitrage.  The focus of this chapter is related to not only energy arbitrage, 

but also the scheduling of grid balancing services such as frequency response for additional 

benefit. In this chapter, by using the historical electricity price profiles, a grid balancing service 

scheduling method is developed to achieve maximum energy arbitrage revenues that can be 

generated from the grid balancing services by layering EFR, DFFR, SFFRhigh and SFFRlow 

throughout the day. The proposed approach is not only providing arbitrage revenue but also 

generating further income through balancing service availability payments; this maximizes the 

systemôs profitability and availability. In this chapter, the UK daily electricity price pattern has 

been forecasted by observing the real electricity price of several week/weekend days across 

different seasons along with the grid frequency profiles of those days.  
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Chapter 5 (C3, M1) : This chapter introduces a new fast battery cycle counting method (CCM) 

for a grid-tied BESS, operation in grid frequency regulation and hence subjected to 

microcycling. In this chapter, all frequency response control algorithms developed in Chapter 

3 are simulated to produce battery SOC data for a given time period using historical frequency 

data, those are then used to demonstrate the battery cycle counting method. This chapter 

quantifies the microcycling in terms of full cycles to aid in the approximation of the degradation 

of a battery and the battery lifetime analyses using the Minerôs Rule life prediction method, 

whilst providing ancillary services such as frequency response. Secondly, the CCM algorithm 

is improved by considering C-rate and SOC effect on battery state-of-health (SOH). The 

proposed algorithm determines the number of full charge-discharge cycles experienced by the 

BESS operating in EFR service at different C-rate values grouped in steps of 0.2 C (C-rate) for 

each SOC range grouped by 10%. Thirdly, this chapter provides a new fast CCM considering 

the effect of DOD in partial charge and discharge cycling. The proposed method approximates 

the number of partial charge and discharge cycles a battery subjected under different DOD 

ranges. 

Finally, Chapter 6 draws a number of conclusions and summaries the contributions that this 

thesis work has made to the control of large scale grid-tied battery energy storage system. The 

scope for the future work which can expand on this thesis is set out. 

1.2 Introduction  

The greenhouse effect, worldwide population growth and sustainable policies demand an 

increasing use of renewable energy sources (RESs) around the world. The deployment of 

hydropower, solar and wind resources has been incredible and is still rising. This century is 

expected to see remarkable growth and challenges in power generation, delivery and usage. 

Environmentally friendly renewable power generation technologies will play a vital role in 

future power supply owing to increased global public awareness of the need for environmental 

protection and the need for less dependence on fossil fuels for energy generation. These 

technologies involve power generation from renewable energy (RE) resources, such as 

photovoltaic (PV), wind, geothermal, micro hydro (MH), biomass, ocean and wave tides 

[NEH11]. 
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The UK government has ambitious targets to deploy RESs and reduce greenhouse gas (GHG) 

emissions from the energy sector. According to the European Union (EU) 2020 target, the share 

of electrical energy produced from renewables needs to increase to around 30% [MEY15]; 

having 15% renewable energy on the grid by 2020 [PAT16]. Moreover, the UK is committed 

to reduce its GHG emissions by 80% by 2050. The current UK electricity generation mix is 

shown in Fig. 1.1 [ONL19f]. 

 

Fig. 1.1 UK electricity generation mix [ONL19f]. 

Distributed generation (DG) is going to play an important role in modernization of power 

system structure due to its promises to supply environmental friendly, reliable and cost-

effective electricity to the customer. DG is small scale, self-contained generating plants that 

can be tied directly with load centre or near to load in distribution network. DG includes 

renewable technologies (photovoltaic, wind and biomass power) and high efficiency non-

renewable power (gas turbine, fuel cell, internal combustion engine, micro turbine). Among 

various types of DG technologies, renewable DGs are becoming popular due to abundant 

availability of resources and almost zero emission in environment. Although the effects of 

renewable DGs are considered as completely favourable for distribution network, individual 

DG application may cause high distribution power losses and poor voltage stability of the 
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network. Therefore, type, optimal location and size selection of renewable DGs in the 

distribution network is a very important aspect of energy system planning [KAY14]. 

However, RESs have two significant drawbacks beside their invaluable benefits: RESs greatly 

depend on weather conditions, and they have unsynchronized generation peaks with the 

demand peaks [HUS13]. In the last 20 years wind and photovoltaic generation has been studied 

extensively and has led to large installations of both. Since the distributions of output power of 

these renewables it is difficult for them to be used locally. If they are linked to the main grid at 

scale, it may result in a large-scale surplus power flowing which may cause the power stability 

problems. Furthermore, integrating massive amount of intermittent RESs into power systems 

poses various technical and economic challenges. Variable RESs are difficult to predict and 

provide a highly fluctuating power output, hence adding variability and uncertainty to the 

planning and operation of power systems. Furthermore, the potential of RESs is generally 

spatially distributed and barely correlates in time with the load profiles. These characteristics 

of RESs challenge the adequacy of the power system (power and energy balance) and 

frequency and voltage regulation. Therefore, in order to successfully integrate a greater share 

of RESs, the planning and operation of power systems are required to become more flexible 

than they are today [HAA17], [COC14], [LAN11].  

 

Fig. 1.2 Need for flexible power systems and flexibility sources. 
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The needed flexibility can be provided through various approaches as shown in Fig. 1.2. These 

involve operational strategies (e.g energy curtailment [BOU08], power output controls 

[RAH16], more frequent dispatches [DEA14], and residential and industrial demand side 

management (DSM) [JON11]), new market structures, integration between various energy 

sectors such as the transport, power and heat sectors [POU06], [POU12], [PIE14]. Additionally, 

it is possible to modify the power system infrastructure by reinforcing transmission 

infrastructure, adding flexible generation devices such as gas turbines [MAT14], and the 

inclusion of energy storage systems (ESSs) [FAI12], [HAO15], [HAA17]. 

To overcome these issues, renewable DGs are generally backed up with energy storage (ES) to 

minimize fluctuations in their produced power and to synchronize the generation peaks with 

the demand peaks. However, ES devices are expensive [HUS13]. More details about ES will 

be given in the following section. 

1.3 Energy Storage Systems (ESSs) 

ES plays an essential role in power distribution systems. ES can store excess power in the 

valley load period and then releases the stored energy during the peak load period. Not only 

can it increase the efficiency of the utilization of the RES, but also can effectively lessen the 

load and the load pressure of the grid. Optimised usage of ES device promises the efficient 

utilization of RES [CHE15]. 

1.3.1 Importance of Energy Storage in Power Systems 

ES technologies can provide numerous benefits to the power system, listed as following: 

¶ ES technologies can decrease the use of fossil fuels, allowing a greener energy supply 

mix.  

¶ RESs cannot be the sole provider of energy without an ES facility due to the variable 

output. ES can allow the integration of more RESs, especially wind and solar PV, in 

the energy mix [WHI12]. 

¶ ES technologies could reduce the requirement to invest in new traditional generation 

capacity, leading to financial savings and reduced emissions particularly from 

electricity generation [BAR04]. 
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¶ ES could improve the energy security by optimising the demand and supply, thus 

reducing the requirement to import electricity via interconnectors [BAR04].  

¶ ES can provide system stability during electricity blackouts by providing energy at 

these times and decreasing the financial cost of power blackouts [BAR04].  

¶ Energy can be stored when electricity prices are low and used on site when the prices 

are high to save businesses and consumers money on their electricity bills. 

Alternatively, the stored energy can also be sold [FER13].  

¶ Large scale ES can substantially reduce energy losses on transmission and distribution. 

Electricity transmission losses usually run at below 10% of the total energy first 

generated in the UK [ONL18c].  

¶ ESS is an essential technology for the future electricity power network by maintaining 

storage and reserve facilities and will have an important impact on the market; for 

instance ESS will contribute to reduce the volatility of electricity market price, to 

increase market efficiency, to promote the qualification of grid ancillary services and 

to improve power system security [FER13]. 

1.3.2 Classification of Energy Storage Technologies 

There are different methods for classification of various ESS technologies, such as, in terms of 

their response time, functions and suitable storage durations [LUO15]. The most widely used 

methods is based on the form of energy stored in the system, as shown in Fig. 1.3.  
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Fig. 1.3 Classification of energy storage technologies by the form of stored energy. 

A. Pumped Hydroelectric Storage (PHS)  

Pumped hydroelectric storage (PHS) is an ES technology with a long history, large energy 

capacity and high technical maturity. With an installed capacity of 153 GW in 2018 [ONL18b], 

PHS represents 99% of worldwide bulk storage capacity and contributed to around 3% of 

global generation [LUO15]. A standard PHS plant includes two water reservoirs, separated 

vertically. At off-peak electricity demand hours, the water is pumped into the higher level 

reservoir at peak hours, the water can be send back into the lower level reservoir. In this process, 

the water powers turbine units that drive the electrical machines to produce electricity. Many 

PHS plants exist with power rating ranging between 1MW-3003MW, with ~70-85% cycle 

efficiency and around 40 years lifetime [CHE09], [LUO15]. PHS applications mainly involve 

frequency control, energy management in the fields of energy arbitrage, non-spinning reserve 

and supply reserve. However, with the restriction of area selection (mountainous areas 

preferred), PHS plants suffer high capital investment and long construction. Solar and wind 

power generation coupled with PHS has been developed. This helps the adoption of renewable 

energy in distributed or isolated networks. For instance, in Greece, the Ikaria Island power 

station was integrated with 3x900 kW wind farms and a PHS (2MW) facility [PAP10].  

B. Battery Energy Storage (BES) 

Rechargeable battery is one of the most broadly used ES technologies in daily and industry life. 

Fig. 1.4 illustrates the simplified operational principle of a standard battery energy storage 

system (BESS). A BESS consists of some electrochemical cells connected in series or parallel, 

which generates electricity with a desired voltage from an electrochemical reaction. Each 

battery cell has two electrodes (one anode and one cathode) with an electrolyte that can be at 

liquid, solid or ropy states [LOU15]. A battery cell can bi-directionally convert energy between 

chemical and electrical energy. When discharging, the electrochemical reactions happen at the 

anodes and the cathodes simultaneously; to the external circuit, electrons are supplied from the 

anodes and are collected at the cathodes. When charging, the reverse reactions occur and the 

battery is recharged by applying an external voltage to the two electrodes (Fig. 1.4). The 

location for BESS installation is quite flexible, either close to the facilities where required, or 

housed inside a building. Currently, relatively short life times has been considered as the major 

barriers to implementing large scale facilities. The issues are high capex costs which are not 
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supported by long term contracts and potentially short lifetimes. The recycling or disposal of 

dumped batteries must be considered if toxic chemical materials are used [9]. Moreover, 

various types of battery cannot be fully discharged owing to their lifetime depending on depth 

of discharge [LUO15]. 

 

Fig. 1.4 Schematic diagram of a battery energy storage system operation [LUO15]. 

C. Compressed Air Energy Storage (CAES) 

In a compressed-air energy storage system (CAES), electrical compressors are used to 

compress air and store it in either an above-ground system of consisting of a vessel or pipes, 

or underground structure (abandon mines, salt cavern, rock structures). When required, the 

compressed air is released and mixed with natural gas, burned and expanded in a modified gas 

turbine. Current studies on the CAES are focused on the enhancement of systems with 

fabricated storage tanks that will remove the geological dependency and also the storage of 

compressed air at a higher pressure. There are currently only two CAES units in operation, they 

are placed in Macintosh in Alabama, USA and Huntorf, Germany. CAES has a high power (5-

300 MW) and energy capacity rating; this makes the CAES another alternative for wind farms 

for energy management purposes. The storage period can be over a year because of very small 

self-discharge losses. However, the installation of a CAES is currently limited by topographical 

conditions [ZHA15]. 
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D. Flywheel Energy Storage (FES) 

In a flywheel energy storage system (FESS), the rotational energy is stored in an accelerated 

rotor, a large rotating cylinder. The system components are a rotating cylinder (consists of a 

rim attached to a shaft) in a compartment, a shaft and bearings. The whole structure is located 

in a vacuum enclosure to decrease windage losses. On charging, the rotor is accelerated to a 

very high speed which can typically reach anyway from 5,000 to 80,000 rpm depending on 

size. The energy is stored in the flywheel by maintaining the rotating body at a constant speed. 

On discharging, the flywheel uses its energy and drives the machine as a generator [ZHA15]. 

The main benefits of flywheels are its great cycling capability, a long life of supplying full 

charge-discharge cycles, high efficiency, high power density and low maintenance cost. The 

FESS is mostly applied as a power quality device to suppress fast wind power changes. The 

major disadvantages are the high self-discharge losses and short operation duration due to 

comparably low energy densities [ZHA15]. 

E. Supercapacitor Energy Storage (SCs) 

Supercapacitor energy storage system (SCs) also known as ultra-capacitors, electrochemical 

capacitors or electric double layer capacitors were drawing less attention until very recently 

when faster ESSs were required in a number of applications to replace Li-ion batteries which 

suffer from comparably slow charge/discharge and suffer from limited lifetime. This renewed 

interest has led to significant progress in its development and use in ES technologies. SCs store 

energy in two series capacitors of the electric double layer that is formed between each of the 

electrodes and the electrolyte ions. They are capable of storing massive power density and can 

respond to any change in power demand in tens to hundreds of milliseconds. The number of 

charge and discharge cycles of SCs is potentially unlimited, however the energy throughput in 

fast cyclic operation is limited. They have an efficiency of 95% and 5% per day self-discharge; 

this means that the stored energy must be used quickly [PAT10], [ANE16]. 

F. Cryogenic Energy Storage (CES) 

Cryogenics energy storage systems (CES) are a more recently developed low-temperature 

thermo-electric ES approach that enables grid operators to charge excess electricity to 

liquefaction of a gas that is subsequently stored in a thermally insulated storage tank at a 

cryogenic temperature (below -190°C), at near-ambient pressure. At the discharge process, the 

liquid gas (cryogen) is pressurised, evaporated and superheated. Cryogen is a new term 
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introducing a gas in a liquid state that has a boiling temperature below -150°C at a pressure of 

1 bar; examples include liquid hydrogen, liquid air, liquid nitrogen etc. The high pressure gas 

is then expanded to produce electricity in a gas turbine system. CES is a promising technology 

due to the high potential for bulk energy storage with a substantially larger volumetric energy 

density compared to CAES and PHS. CES is highly competitive compared to other grid scale 

ES technologies due to the following: (a) There are no geological constraints; (b) the theoretical 

number of charge and discharge cycles is infinite; (c) CESS is cost competitive with other low-

carbon technologies; (d) the periods of storage are relatively long. With a discharge duration 

of several hours and a power rating above 100MW, CES is applicable to energy management 

[HAM17]. However, the CES unit has a very low round trip efficiency of 46.7% and the overall 

plant efficiency is only 24.4% [CET19]. Allowing synergies with other processes such as 

cooling or recovering waste cold/heat enables system efficiency to be increased. 

G. Hydrogen Energy Storage (HES) 

Electricity can be converted to hydrogen by electrolysis, the hydrogen can be stored and 

ultimately re-electrified. Today, the round trip efficiency is quite low (~30% to 40%), but could 

increase up to 50% if more efficient technologies are designed. Despite its low efficiency, the 

interest in HES is growing owing to the much higher storage capacity compared to PHS, BES 

(small scale) and CAES (large scale) [ONL19j]. Hydrogen can be re-electrified in fuel cells 

with efficiencies up to 50%, or as an alternative, burned in combined cycle gas power plants 

with efficiency ~60% [ONL19j].  

H. Summary of ES Technologies 

The above ES technologies are, owing to, their different characteristics, suitable for different 

applications. Generally, electrochemical storage systems (batteries, flow batteries, fuel cells) 

respond on very short timescales and hence are suitable for ancillary services (e.g grid 

frequency regulation). Flow batteries are emerging, however only few MW systems have been 

installed so far. Only batteries and PHS can be regarded as mature storage technologies with 

many commercial installations worldwide. CAES and PHS are slower, but have relatively low 

costs of the storage capacity, and hence more suitable for storing large amount of energy to be 

delivered over a longer duration. CAES systems have been worked for many years, however 

only two CAES systems have been installed and in both the power generation is dominated by 

combustion of natural gas. Both CAES and large scale reversible fuel cell technology still 
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require important research and development before they can be fully commercialized [EKM10]. 

Fig. 1.5 illustrates a comparison of power ratings and rated energy capacities of ES 

technologies. The nominal discharge time duration at the rated power is also illustrated within 

the range from seconds to months. From Fig. 1.5, ES technologies can be classified by the 

nominal discharge time at rated power; (1) discharge time less than 1 hour: flywheel, SMES, 

supercapacitor; (2) discharge time up to 10 hours; over ground small-scale CAES, PbA, Li-ion, 

ZnBr, NiCd and PSB; (3) discharge time longer than 10 hour: underground large-scale CAES, 

PHS, liquid air energy storage, solar fuel, VRB, fuel cell and TES [LUO15]. 

 

Fig. 1.5 Comparison of ES technologiesô power rating and rated energy capacity with 

discharge time duration at power rating [LUO15]. 

1.3.3 ESS Applications used for Supporting Power System 

Energy storage systems (ESSs) are continuously gaining importance owing to integration of 

RESSs into the distribution network. In addition to provide of bulky stored electricity, ESSs 

are suitable choices for various power system applications. Major types of ESS and their 

applications, priorities and challenges are given in Table 1.1. These involve increasing 

penetration of intermittent sources, improving power quality by mitigating voltage oscillations 

and improving network reliability by increasing transmission line capacities. ESSs are a cost 

effective candidate as compared to conventional fuel based system restorers such as diesel 

generators. ESSs do not have rotating parts, hence their operational and maintenance costs are 

lower and easier to troubleshoot within a short time [JAM15]. There are two major areas for 
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power system applications, including power quality and energy management. Power quality 

applications involve voltage support, frequency regulation, flicker compensation, spinning 

reserve, and low voltage ride through. Energy management applications can be composed of 

time shifting, energy arbitrage, load levelling, peak shaving and capacity firming [BHU12].   

A. Renewable Intermittency Mitigation 

DG is considered as new concept of electricity delivery in future grids primarily contributed 

by RESs. ESS can also be integrated into grids to provide electricity and cover a certain fraction 

of demand [JAM15]. 

B. Load levelling 

When an ESS is located on a load bus of a power system, the change of load can be levelled 

by storing energy at peak periods and releasing the energy at off-peak times. Load levelling 

approach is based on charging at off-peak times and discharging at peak times, in order to 

secure a uniform load for generation, transmission and distribution system, thus maximizing 

the power systemôs efficiency [FER13]. 

C. Peak shaving/valley filling 

Although the principle is the same for these two approaches, the purpose is slightly different. 

Peak shaving concerns the minimisation of peak power, and hence the use of more costly power 

plants, whilst valley filling focuses on improving the plants efficiency by increasing the load 

at those moments [FER13]. 

D. Unbalance load compensation 

An unbalanced load can be compensated using a three-phase converter system along with ES. 

The control of the ES is configured in such a way so that absorbing and injecting energy can 

be managed on independent phases [BHU12]. 

E. Energy arbitrage 

ESSs can be used to purchase energy from the power grid when the time-of-use pricing is lower, 

and later sell back the energy to the grid when the time-of-use price is higher. Revenue can be 

achieved using the energy arbitrage. If energy storage is located in a feeder which supplies to 

a local load, then grid flow can be regulated based on load changes [BHU12]. Energy arbitrage 
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function is traditionally implemented by PHS, CAES and BESSs. Energy arbitrage study is 

similar to peak shaving functions; which covers the optimum ESS scheduling for maximizing 

the profits, ESS sizing, implementation of distributed ESSs and economic assessment [CHA17]. 

F. Frequency and voltage regulation 

ESSs can absorb active power when the grid frequency increases from a predefined upper 

frequency threshold, whereas it can release power when the frequency drops below the 

predefined lower frequency threshold. Hence, ESSs can contribute to stabilize the grid 

frequency. BESSs, FESs and Supercapacitors are generally adopted for grid frequency and 

voltage regulation due to their fast response [CHA17], [CHO17]. 

G. Voltage support 

Providing required reactive power to a load can maintain system voltage at its nominal value. 

Generators are responsible to supply both real and reactive power. If there is a high demand 

for both real and reactive power, an ESS can share the real power with the generators, hence, 

the generators can deliver required reactive power for the load. Therefore, ESS can support a 

power system to prevent from voltage sag [BHU12]. 

H. Spinning reserve 

Spinning reserve can be described as the amount of generation capacity that can be used to 

generate active power over a given period of time and which has not yet been committed to the 

generation of energy during this period. Spinning reserve indicates standby unused generation. 

ESSs are fast and hence can be used as a spinning reserve [BHU12].  

I. Black start 

If a power system is down due to a fault, the process of restoring the system is called black 

start. Typically, diesel generator systems are used for starting the power stations. However, an 

ESS along with a converter is capable to supply power to the grid, consequently, recover the 

power stations by energizing the field-coils of the synchronous generators [BHU12]. An 

example is the Huntorf CAES that supplies black-start power to nuclear units placed near to 

the North Sea [LUO15].  
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Table 1.1 Specifications of ESS technologies [DEH19], [ONL18f]  

Technology Primary Application  Priorities  Challenges 

Flywheel energy 

storage (FESS) 

¶ Frequency regulation 

¶ Peak shaving 

¶ Load levelling 

¶ Transient stability 

¶ Rapid response 

¶ Modular technology 

¶ Suitable for utility scale 

¶ High peak power without 

overheating concerns 

¶ Long cycle life 

¶ High round trip energy 

efficiency 

¶ Rotor tensile strength 

limitations 

¶ Limited energy storage 

time because of high 

frictional losses 

Pumped hydro 

energy storage 

(PHS) 

¶ Backup and reserve 

¶ Energy management 

¶ Regulation service 

through variable speed 

pumps 

¶ Mature and developed 

technology 

¶ Cost effective 

¶ Very high ramp-rate 

¶ Geographically limited 

¶ Environmentally impacts 

¶ Plants site 

¶ High overall project cost 

Compressed air 

energy storage 

(CAES) 

¶ Backup and reserve 

¶ Energy management 

¶ Renewable integration 

¶ Established technology in 

operation since 1970 

¶ Better ramp-rates than gas 

turbine plants 

¶ Geographically limited 

¶ Slower response than 

batteries or flywheels 

¶ Lower efficiency owing 

to round trip conversion 

¶ Environmental impact 

Superconductive 

magnetic energy 

storage (SMES) 

¶ Frequency regulation 

¶ Power quality 

¶ Highest round trip 

efficiency from discharge 

¶ Material and 

manufacturing cost 

prohibitive 

¶ Low energy density 

Capacitors 
¶ Frequency regulation 

¶ Power quality 

¶ Highly reversible and fast 

discharge 

¶ Very long life 

¶ Currently cost prohibitive 

Thermochemical 

energy storage 

(TES) 

¶ Grid stabilization 

¶ Load levelling and 

regulation 

¶ Extremely high energy 

densities 
¶ Currently cost prohibitive 

Hydrogen 

Energy Storage 

(HES) 

¶ Load levelling 

 

¶ Distributed storage 

¶ Other uses for produced 

hydrogen 

¶ Minor environmental issues 

¶ Low efficiency 

¶ High investment costs 

¶ Raw materialôs limits 

¶ Environmental impacts 

Battery Energy 

Storage System 

(BESS) 

¶ Frequency regulation 

¶ Peak shaving 

¶ Power quality 

 

¶ Distributed storage 

¶ Good configurability 

¶ Fast response time 

¶ High energy efficiency and 

density 

¶ High investment costs 

¶ Short life span 
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Table 1.2 Technical characteristics of the ESSs [WON19], [KYR16] 

Type of ES Storage Duration Efficiency  

(%) 

Lifetime 

 (years) 

Power Rating 

(MW) 

SMES Minutes-hours 95-98 20+ 0.1-10 

FES Seconds-minutes 85-95 15 0-0.25 

SC Seconds-hours 84-97 10-30 0-0.3 

         BES 

PbA Minutes-days 63-90 5-15 0-20 

NaS Seconds-hours 75-90 10-15 0.05-8 

Li -ion Minutes-days 75-97 5-15 0-0.1 

ZnBr Hours-months 65-85 5-10 0.05-2 

CAES Hours-months 50-89 20-60 5-300 

HES Hours-months 20-66 5-15 0-50 

PHS Hours-months 65-87 40-60 100-5000 

This thesis focuses on the control of battery storage; therefore more detail about BESSs will be 

given in the following section. 

1.4 Battery Energy Storage Systems (BESSs) 

There are various types of existing ESSs, as discussed in Section 1.3.2. In comparison to such 

ESSs, BESSs have numerous advantages including faster response time compared to 

conventional energy generation sources, energy efficiency, storage size, low self-discharge rate, 

high charging/discharging rate capability, and low maintenance requirements [SAW16], 

[FEE16]. BESS has a significant disadvantage such as low cycle life. The cost of batteries has 

been decreasing in recent years and therefore there is now a potential for profitable large-scale 

grid application. BESSs mostly participate in balancing demand and supply through frequency 

response services, voltage support and peak power lopping [CHE16], [XU16]. BESSs using 

various battery chemistries are installed around the world for grid support [GUN17a]. A BESS 

is becoming superior for the purpose of grid support owing to its benefits such as its fast 

response time, flexibility in locations, construction time, and low operation costs. There are 

numerous works dealing with different aspects of grid scale BESS on energy management 

[TAN15], control strategies [ZAL13], battery management [LAW14] and life cycle cost 

analysis [ZAK15].  
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1.4.1 Battery Terminologies 

In literature, various terminologies are used to define different characteristics of BESSs. Those 

terms [ZHA17], [NEJ16] relevant to this chapter are provided in the following parts, which 

will later help on developing the BESS control algorithms, evaluating the cycle counting 

algorithms and battery lifetime analysis. 

A. Battery Cell, Module, Pack 

The term battery is associated with one or more cell(s) connected in a series and/or parallel 

configuration in order to provide the desired voltage and ampere-hour rating. A óstringô of cells 

often consists of a number of series or parallel connected cells. A string (or strings) of cells 

connected physically and electrically together is called a ómoduleô, whereas a number of 

modules connected electrically and operated as single unit, is called a óbattery packô. 

B. Capacity 

Battery capacity can be defined using two terms. Ampere-hour (Ah) capacity is the total 

amount of releasable charge stored in a battery under some predefined conditions. It is usual to 

use Watt-hour (Wh) instead of Ah to define a batteryôs capacity. The rated Wh capacity is 

mathematically defined as in (1.1). 

ὄὥὸὸὩὶώ ὡὬ ὅὥὴὥὧὭὸώὙὥὸὩὨ ὃὬ ὅὥὴὥὧὭὸώ ὼ ὙὥὸὩὨ ὔέάὭὲὥὰ ὠέὰὸὥὫὩ (1.1) 

C. Current-Rate (C-rate) 

C-rate is an arbitrary metric used to define the current rate, at which the battery will take one 

hour to fully discharge under standard conditions. For example, a rated 3.3 Ah cell will take a 

current of 3.3 A to fully discharge in one hour. 

D. Specific Energy and Power 

Specific energy is used to quantify the amount of energy a battery can store per unit mass. It is 

expressed in Wh/kg as given in (1.2). Similarly, specific power represents the batteryôs peak 

power per unit mass, expressed in W/kg as in (1.3). 
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ὛὴὩὧὭὪὭὧ ὉὲὩὶὫώὙὥὸὩὨ ὡὬ ὅὥὴὥὧὭὸώὄὥὸὸὩὶώ ὓὥίίϳ  (1.2) 

ὛὴὩὧὭὪὭὧ ὖέύὩὶὙὥὸὩὨ ὖὩὥὯ ὖέύὩὶὄὥὸὸὩὶώ ὓὥίίϳ  (1.3) 

E. Energy and Power Density 

Energy density is the nominal battery energy stored in a given space per unit volume. This is 

expressed in Wh/l as in (1.4). 

ὉὲὩὶὫώ ὈὩὲίὭὸώὙὥὸὩὨ ὡὬ ὅὥὴὥὧὭὸώὄὥὸὸὩὶώ ὠέὰόάὩϳ  (1.4) 

Specific power is the term referring to the peak-power per unit volume of a battery, expressed 

in W/l as in (1.5). 

ὖέύὩὶ ὈὩὲίὭὸώὙὥὸὩὨ ὖὩὥὯ ὖέύὩὶὄὥὸὸὩὶώ ὠέὰόάὩϳ  (1.5) 

F. State of Charge (SOC) 

SOC is defined as the remaining amount of releasable charge in a battery with respect to the 

maximum available capacity.  

G. Depth of Discharge (DOD) 

DOD is an indicator of the battery discharge since the last change at the ὲὸὬ global dispatch 

interval as in (1.6) For instance, when the battery is charged from 30% to 50% of the SOC, the 

DOD is 0% and ЎὛὕὅ is 20%. When the battery is then discharged from 50% to 40% of the 

SOC, the DOD is 10% and ЎὛὕὅ is -10%. If the battery is discharged from 40% to 20% of the 

SOC straight of the first charge, the DOD will be updated to 30% [ZHA17]. 

ὈὕὈ  
ὈὕὈ ЎὛὕὅ           ȟ ὭὪ ЎὛὕὅ π
 π                                      ȟ ὭὪ ЎὛὕὅ π

 (1.6) 

H. State-of-Health (SOH) 

SOH is a measurement that shows the general condition of a battery and its ability to deliver 

the specified performance compared with a new battery. The designer of a BMS may use any 

of the following parameters (or in combination) to determine the SOH: - number of charge-
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discharge cycles, -internal resistance, - capacity, - voltage, 5) self-discharge, 6) ability to accept 

a charge. 

I. End-of-Life (EOL) Condition 

Conventionally, battery reaches its end of life when its available capacity decreases to 80% of 

the maximum capacity or the capacity fade increases to 20% of the maximum capacity.  

J. Calendar Life and Cycle Life 

The calendar lifetime is the elapsed time for an inactive battery before the battery reaches the 

EOL condition, 80% of it's original capacity. The cycle life is the number of complete 

charge/discharge cycles that the battery is able to support before its capacity decreases to under 

the EOL.  

K. Life Dependence on the Average SOC and Temperature 

Generally, the lithium battery life will also depend on the average SOC and temperature. 

1.4.2 Types of Batteries 

Various types of batteries are used for large scale ES. The characteristics of different types of 

batteries used for large scale battery energy storage such as lithium-ion (Li -ion), lead-acid 

(PbA), sodium-sulphur (NaS), nickel metal hydride (NiMH) and flow batteries etc., as well as 

their applications, are discussed in this section. Major types of BESS and their applications, 

priorities and challenges are shown in Table 1.3. 

A. Lead-acid (PbA) 

PbA battery, invented in 1859, is the oldest type of rechargeable battery, and it uses a liquid 

electrolyte. Deep-cycle lead acid batteries are suitable for small-cycle RES integration 

applications. PbA batteries can be discharged repeatedly by as much as 80% of their capacity; 

and hence they are ideal for grid scale applications. With low investment costs, lowest self-

discharge and relatively ease of maintenance, they offer a proven and cost-competitive solution 

to a range of storage requirements [POU13]. Drawbacks of this technology cover limited cycle 

life, failure due to deep and continuous cycling, poor performance at low and high ambient 

temperatures, and environmentally unfriendly lead content and acid electrolyte [NIR10]. 
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C. Nickel-cadmium (NiCd) 

NiCd battery consists of a positive electrode with nickel oxyhydroxide as the active material 

and a negative electrode consisted of metallic cadmium. Owing to its higher energy density 

and longer cycle life than those of PbA, relatively lower cost than other batteries and tolerance 

for deep discharge, the NiCd battery is mostly preferred for medium-term energy management. 

NiCd also provides various benefits in PV applications and factors; including its cycling ability, 

durability, and reliability make it suitable for operating under adverse conditions. NiCd 

batteries are a competitive replacement for PbA batteries owing to their ability to provide 

continuous power for long periods, and also their use in applications that need instantaneous 

power [NIR10]. Its main drawbacks are that cadmium is toxic, and the battery exhibits negative 

temperature coefficient that causes charging problems at higher temperatures [BHU12]. 

D. Nickel metal hydride (NiMH) 

NiMH battery is a feasible option to NiCd battery due to its performance and environmental 

benefit. In comparison to PbA and NiCd batteries, NiMH is environmentally friendly owing to 

the lack of toxic substances such as lead, cadmium or mercury. Energy density of NiMh cell is 

25-30% higher than high performance NiCd cell. NiMh batteries suffer from severe self-

discharge; making them inefficient for long-term energy management [NIR10].  

B. Sodium-sulphur (NaS) 

NaS battery is a rechargeable high temperature battery technology that uses metallic sodium 

and provide attractive solutions for various large scale utility ES applications; including power 

quality, load levelling and peak shaving, as well as renewable energy management and 

integration. This battery has a high charge/discharge efficiency (75-86%), high energy density, 

and is produced from inexpensive materials [POU13]. 

D. Lithium-ion (Li-ion) 

In Li-ion batteries, the lithium ions move between the anode and cathode to generate a current 

flow. Main applications include portable equipment (e.g mobile phone, laptop). Due to its high 

energy density, Li-ion has become the most promising battery technology for grid scale, EV 

and plug-in-hybrid EV applications. Historically the price of Li-ion batteries has been high but 

due to the increase production for the EV market, prices have significantly reduced over the 
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past 10 years. There are many types of battery technologies, however the most used in power 

applications today are Li -ion batteries. The advancement of Li -ion technology in increasing the 

levels of ES capacity is owing to the characteristics of high efficiency (>90%), response time 

(in milliseconds), high energy density, self-discharge rate (5% per month) and relatively long 

cycle life [FAI18]. Li -ion batteries are manufactured in various types of technologies and 

named in accordance with the materials used in their electrodes; e.g Lithium-cobalt-oxide 

(LCO), Lithium-manganese-oxide (LMO), Lithium-nickel-manganese-cobalt-oxide (NMC), 

Lithium-nickel-cobalt-aluminium (NCA) and Lithium-titanate-oxide (LTO). Emerging Li -ion 

battery technologies provide potentially improved cost, cycle life, performance and safety. To 

determine which battery technologies are more suitable for BESS applications, it is required to 

test them and evaluate their performance and cycle life time under typical BESS operation 

[VAL18]. Among those different types of Li -ion batteries, this thesis focuses on LTO battery 

due to its superior performance. LTO can provide relatively long life cycles, rapid charging, 

large available capacity, wide effective SOC range, excellent low-temperature operation and 

high input/output power performance, all while maintaining a high level of safety [ONL18a]. 

D. Flow battery 

Flow batteries are a promising technology that decouples the stored energy from the rated 

power. The total stored capacity depends on the auxiliary tank volume, whilst the rated power 

depends on the reactor size. These characteristics make the flow battery suitable for supplying 

large amounts of power and energy needed by electrical grids. The main benefits of this battery 

technology include the following: 1) fast recharge by replacing exhaust electrolyte, 2) high 

configurable power and energy capacity, 3) long life enabled by easy electrolyte replacement, 

4) use of nontoxic materials, 5) full discharge capability and 6) low-temperature operation. The 

main drawbacks of the system is the requirement for moving mechanical parts such as pumping 

systems that make system miniaturization difficult. As a result, the commercial uptake to date 

has still been limited [CHA14], [VAZ10]. 

1.4.3 Functions of Grid Scale BESS for Grid Support 

In recent years the capital cost of battery storage technologies has significantly reduced. BESS 

can cover a wide range of applications from short term power quality support to long term 

energy management.  
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Table 1.3 Specifications of BESS technologies [ANE16], [ONL18f], [KIM17]   

Technology Primary Application  Priorities  Challenges 

Lead-acid 

(PbA) 

¶ Grid stabilization 

¶ Load levelling and 

regulation 

¶ Mature battery technology 

¶ Good battery life 

¶ Low cost 

¶ High recycled content 

¶ Large footprint 

¶ Electrode corrosion limits 

life 

¶ Low energy density 

¶ Limited depth-of-discharge 

Lithium-ion 

(Li -ion) 

¶ Frequency regulation 

¶ Power quality 

¶ Relatively good cycle life 

¶ High energy densities 

¶ High charge/discharge 

efficiency 

¶ Fast response 

¶ Extremely sensitive to 

overcharge and over 

temperature 

¶ High production cost 

¶ Intolerance to deep 

discharges 

Sodium-

sulphur (NaS) 

¶ Congestion relief 

¶ Power quality 

¶ Renewable source 

integration 

¶ Fast response 

¶ Relatively long life 

¶ High energy density 

¶ Long discharge cycles 

¶ Operating temperature need 

between 250°-300°C 

¶ Liquid containment issues 

Flow batteries 

¶ Peak shaving 

¶ Time shifting 

¶ Frequency regulation 

¶ Power quality 

¶ Ability to provide high 

number of discharge cycles 

¶ Relatively long life 

 

¶ Complicated design 

¶ Lower energy density 

¶ Lower charge/discharge 

efficiencies 

¶ Not suitable for commercial 

scale 

This is an important benefit of BESS technologies since it allows various applications to be 

running on the same device [OUD06], [SUL76] with fast response; including integration 

renewable smoothing intermittent, peak shaving, load levelling, spinning reserve, flicker 

compensation, black-start capability, voltage sag correction, transmission upgrade deferral, 

standing reserve and uninterruptable power supply (UPS) etc. Therefore, the BESS improves 

the power system stability and security that helps the integration of distributed renewable 

energies [MER09], [CHO17]. 

1.4.4 Some Examples of Installed Battery Energy Storage Systems in Power System 

This section introduces the BESS installations throughout the world, especially UK-based 

battery storage systems. Globally there are many BESSs in commercial operation, with most 

of them used to mitigate renewable power generation. BESS technology is mostly used in the 

USA and Japan [ROB11]. The existing commercial installations show a positive perspective 

on the economic viability of BESSs [FEE16]. Battery technologies used in power network 

applications with their application area are given in Table 1.3. In the UK, there are limited 

numbers of installed BESS facilities which are suitable for providing grid support. The 

6MW/10MWh Leighton Buzzard BESS, once Europeôs largest grid-tied battery storage, was 

installed in Bedfordshire with 10MWh ES capability in order to protect the UKôs power 
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network from fluctuations in supply of renewable energy. Comprising 3000 lithium-ion battery 

cells it has been connected to the electricity distribution network in Leighton Buzzard. The 

purpose of the project is to balance overall supply and demand, analyse the battery support on 

the local distribution network by reducing peak demand and stabilizing voltage and evaluating 

the benefit for the wholesale market [ONL18e]. In 2013, the UKôs first grid-tie LTO based 

BESS, the Willenhall Energy Storage System (WESS), was installed by the University of 

Sheffield (UoS) to enable research on large scale batteries and to create a platform for research 

into grid ancillary services [GUN17a], [FEE16]. A detailed explanation about the WESS is 

provided in Chapter 2. 

Table 1.4 Some examples of installed BESS facilities with their grid support applications  

Types of BESS Installation Size Facility Size Range 
Potential/Actual 

Applications 

Lithium-Titanate (LTO) 

The University of 

Sheffield, (WESS), UK 

[FEE16] 

2 MW, 1 MWh 

¶ Frequency regulation 

¶ Peak shaving 

¶ Arbitrage 

Lithium Iron Phosphate 
Darlington, UK 

[ONL18d] 
2.5 MW, 5 MWh 

¶ Load shifting 

¶ Commercial ancillary 

services 

Lithium-Nickel (NMC) 
Leighton Buzzard, UK 

[FEE16], [ONL18d] 
6 MW, 10 MWh 

¶ Frequency support 

¶ Load shifting 

¶ Peak shaving 

Valve-Regulated 

Lead acid 

Lerwick Power Station, 

Shetland Island, UK 

[GAL17] 

1 MW, 3 MWh ¶ Peak shaving 

Lithium-ion (Li -ion) 
Broxburn Energy 

Storage, UK [ONL19e] 
20 MW 

¶ Grid support 

¶ Enhanced frequency 

response service 

Flooded 

Lead acid 

Bewag, Germany 

[SPI91] 
17 MW, 14 MWh 

¶ Frequency regulation 

¶ Spinning reserve 

Nickel Cadmium (NiCd) 
Golden Valley, Alaska 

[SWI10] 
40 MW, 4.7 MWh 

¶ Electric supply reserve 

¶ Spinning reserve 

Sodium-Sulphur (NaS) 
Rokkasho, Japan 

[SWI10] 
34 MW, 220 MWh 

¶ Renewables energy 

time-shift 

¶ Renewables capacity 

firming 

Sodium Nickel Chloride 

(ZEBRA battery) 

ZEBRA battery plant, 

Stabio, Switzerland 

[SWI10] 

40 MWh 
¶ Mainly used in 

EV/HEVs 

Vanadium- Redox Flow 

Batteries 

GuoDian LongYuan 

Wind Power Co. China 

[LI16]  

5 MW, 10 MWh 
¶ Smoothing of wind 

power 
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1.4.5 Grid -Tied Battery Energy Storage System Configuration 

Fig. 1.6 shows a simplified diagram of the Li-ion BESS showing the li -ion battery pack and 

associated battery management system (BMS), a bi-directional ac-dc converter, and the control 

unit which controls the operation mode and grid interface of the ESS. The BMS controller 

determines the SOC and SOH of each battery cell and employs active charge equalization to 

balance the charge of all the battery cells in the pack. The ac-dc converter is the interface 

between the battery pack and the ac power grid, that needs to meet the requirements of bi-

directional power flow capability and to ensure high power factor and low harmonic distortion 

[QIA10]. Principle diagram of the BESS can also be seen in Fig. 1.7. 

 

Fig. 1.6 Simplified diagram of a grid-tied BESS [WU19]. 

 

Fig. 1.7 Principle diagram of the BESS in [OUD07a]. 

1.4.6 Battery Management System (BMS) 

In a grid-tied BESS, BMS is the essential component to ensure all battery cell voltages being 

maintained in boundaries for safety operation and battery cycle life. The BMS controller 
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monitors each battery cell parameters, including cell voltage, charge and discharge current, 

temperature, and estimates the SOC and SOH of each cell in the pack. Then, the SOC 

information is used to control the charge equalization circuits to reduce the imbalance between 

the series-connected battery cells.  

A. BMS Configuration 

A typical BMS configuration shown in Fig. 1.8 [QIA11] comprises of module controllers that 

manage the series-connected battery cells, and a central controller that manages the series-

connected battery modules, reports battery cell status, and control the contactors to protect the 

battery pack from undercharging and overcharging conditions. High voltage isolated controller 

area network (CAN) bus is used to communicate between the battery module controllers and 

central controller.  

 

Fig. 1.8 A battery management system configuration [QIA11]. 

There are two important functions in the BMS given in Fig. 1.8. Firstly, the BMS monitors the 

condition of all the series-connected Li-ion battery cells in the system. The parameters being 

monitored include cell charging and discharging current, cell voltage and cell temperature. 
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These are processed by the BMS controller to estimate the SOC and SOH of the battery cell. 

Second, the BMS applies active balancing to equalize the battery cells in the pack. In a Li-ion 

battery system, all cell voltages need to be maintained to within manufacturer set limits to 

ensure safety operation. However, owing to production deviations, temperature difference 

within the battery pack and inhomogeneous aging, there will be SOC or capacity imbalance 

between cells. Minimising these imbalances is essential to guarantee the energy and power 

performance of the pack as they are limited by the first battery cell that goes beyond the voltage 

limits. An inductive-based active cell balancing method can be used to regulate the amount of 

charge in and out of each individual battery cell to balance the mismatches across the battery 

cell to keep the homogeneous status across the battery pack [QIA10].   

B. SOC Estimation 

SOC is a measure of the electrochemical energy volume left in a cell or battery. It can be 

expressed as a proportion of the battery capacity and shows how much energy is stored in an 

energy storage device. For the battery industry, it is challenging to precisely estimate the SOC 

of Li-ion batteries as the electrochemical reaction inside a cell is complicated and difficult to 

model electrically in an accurate way. Table 1.5 compares various SOC estimation methods 

found in literature. Among all the techniques, the Coulomb counting technique (CCT) plus 

accurate open circuit voltage (OCV) approach is used in the BMS given in Fig. 1.8 to estimate 

the SOC. CCT aims to count how many Coulombs of charge are being pumped in or out of the 

battery cell. The Coulomb counter includes an accurate battery current sense analog front end 

and a digital signal processing unit to achieve the offset calibration and charge integration. 

CCT provides higher accuracy than most other SOC measurements, because it measures the 

charge flow in and out of battery cell directly. However, it depends on the current measurement 

accuracy and does not consider Coulomb efficiency of the battery cell. Due to polarization of 

the battery, power losses obviously occur during the charging and discharging process 

[CHA13], [QIA11]. In CCT, SOC is calculated by the equation (1.7) [CHA13]. 

3/# 3/#
ρ

ὅ
ὭὨὸ (1.7) 

where Ὓὕὅ is the initial SOC value, and Ὓὕὅ is the present value of SOC. ὅ is the total 

capacity of the battery. ᷿ὭὨὸ is the integral of discharge current during the discharging process. 

Several factors may affect the accuracy of CCT including battery history, temperature, discharge 



50 

 

current and cycle life [CHA13].  It should be noted that the Coulomb counting SOC estimation 

method is used to estimate the SOC of the 2MW/1MWh BESS used and presented in this thesis. 

Table 1.5 Comparison of different SOC estimation methods [MEN17], [CHA13], [QIA11] 

Method Features Advantages Disadvantages 

Discharge Discharge and 

measure time to 

threshold 

¶ Most accurate 

¶ Easy 

¶ Independent of SOH 

¶ Offline & time consuming 

¶ Modifies battery state 

Open circuit 

voltage (OCV)  

VOC-SOC look-up 

table 

¶ Accurate 

¶ One to one relationship 

between OCV and SOC; 

¶ Small amount of 

computation; 

¶ Long relaxation time for 

OCV measurement; 

¶ Battery types, temperature 

and age affect the 

measurement of OCV. 

Coulomb 

counting (CCT) 

Counting charges 

been 

injected/pumped 

¶ Easy to understand 

¶ Computational 

effectively 

¶ Direct SOC calculation 

 

¶ Loss model & need 

accuracy 

¶ Accurate initial SOC is 

needed; 

¶ Current sensor error 

accumulated during the 

process; 

Artificial network 

(ANN based 

method) 

Adaptive artificial 

neutral network 

system 

¶ Online 

¶ Do not need previous 

knowledge about battery; 

¶ Easy transplant to 

hardware after offline 

training 

¶ Large amount of training 

samples is needed; 

¶ Hard to generalize to 

different driving cycles. 

DC resistance Rdc ¶ Easy ¶ Only for low SOC 

Impedance 

Spectroscopy 

based Method 

Impedance of the 

battery (RC 

combination) 

¶ SOC and SOH 

¶ Sensitive to SOC 

variation; 

¶ Diverse parameters 

indicate SOC 

¶ Cost & temp-sensitive 

¶ Hard for online 

measurement; 

¶ Different with battery 

type, experimental 

condition etc. 

Kalman filter Get accurate 

information out of 

data using filter 

¶ Dynamic ¶ Large computing 

Fuzzy Logic  ¶ Online ¶ Complex and expensive to 

implement 

 

C. Charge Equalization 

Owing to inevitable differences in chemical and electrical characteristics from manufacturing, 

ambient temperatures and aging, there are SOC and capacity imbalances between cells. When 
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these unbalanced batteries are kept in use without any control (e.g cell equalization), the 

capacity of the ES decreases severely. Therefore, charge equalization for a series-connected 

battery string is required to minimize the imbalances between all the cells and prolong the 

battery life cycle. Charge balancing approaches are described in [QIA11]. 

1.5 Future of UK Power System and National Grid Product Strategies 

This section introduces the future UK power system needs over the next five years, and how 

these system needs are evolving. Fig. 1.9 shows future of UK electricity function [ONL19f]. 

This section also describes the improvements required to balancing services to meet these needs. 

On Product Strategy provided by NG [ONL19g], NG is asking for providersô engagement and 

ideas to simplify and develop balancing services and the products that NG can use to handle 

these system needs. The System Needs and Product Strategy provided by NG is divided into 

two distinct parts, the UK power system needs and the product strategy consultation.  

 

Fig. 1.9 Future of UK electricity function [ONL19f]. 

1.5.1 Comparison of Traditional and Future UK Power System 

The UK electricity system is becoming increasingly decentralised, with more complex designs 

of power generation, transportation and consumption. New flexibility methods are being 
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developed to manage these changes. This section reviews approaches of developing flexibility, 

as well as economic and technical barriers to doing so. Fig. 1.10 shows traditional UK power 

system function [ONL19i]. The UK electricity system has historically developed over a 

ócentralisedô system, where a few number of large power stations deliver the majority of 

electricity generation. Centralised power has been transported in one direction from generators 

to consumers via the transmission and distribution networks. The definition of generator, 

transmission and distribution networks are given in Appendix A.1. Distributed electricity 

generation is the opposite of centralised electricity generation, the mode which has dominated 

modern commercial electrical supplies for more than a century. Rather than depending on large 

central stations (fossil fuelled, hydro or nuclear) and high voltage transmission lines, 

distributed electricity generation relies on small-scale, local, on-site generation, preferably by 

tapping RESs. This arrangement avoids long-distance transmission losses, and, once organised 

in a web of smart micro grids, its design improves grid stability and reliability and offers more 

granular control. Since the cost of new renewable energy conversion continues to decrease, this 

form of electricity supply is expected to claim an increasing share of overall generation 

[SMI19]. 

 

Fig. 1.10 Traditional UK power system [ONL19i]. 
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Fig. 1.11 Future of UK power system [ONL19i]. 

Fig. 1.11 shows the future of the UK power system. Three processes are providing new long-

term changes in the UK power system [ONL19a]: 

Decentralisation: Small power generation (e.g solar panels) situated close to consumers, are 

providing an increasing part of UK power supply. 

Decarbonisation: In order to fulfil  long-term GHG emissions reduction targets in the power 

sector, conventional fossil fuel use, especially coal, is lessening. This is in part being replaced 

by renewable energy generation which is decentralised. 

Digitisation: Aging electricity networks and information and communication (ICT) 

infrastructure are being improved, significantly using data and automated processes to make 

the system operation more efficient. This covers the rollout of ósmartô electricity meters. 

A substantial part of the new generation capacity is weather-dependent, meaning generation 

may not balance with demand. Decentralised power can flow in multiple directions over the 

power network between dispersed generators and consumers. These are causing challenges for 
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balancing demand and supply. Moreover, the use of electricity to provide heating and for 

transport is expected to increase. Therefore, parts of the network may need to be strengthened 

by increasing their capacity, or decreasing peak power flows. More details about the future of 

UK power system needs and the National Grid (NG) balancing service product strategies will 

be detailed in Section 1.5. 

1.5.2 UK Grid Flexibility  

A more flexible power system is being developed to deal with these challenges. Grid flexibility 

is the ability to fast adjust generation or demand in response to a signal (e.g changing prices) 

to aid in managing the electricity system. Established and new technologies are increasingly 

providing grid flexibility, and the roles of power network operators are changing [ONL19a]. 

This section investigates these flexibility sources, changes to the power networks and potential 

associated policy challenges. 

A. Grid Balancing and Flexibility 

UK electricity demand broadly follows a daily pattern, with peaks in early evening and lows 

in early morning. Electricity demand and supply are matched on a second by second basis. NG, 

the primarily electricity transmission network operator in the UK, is responsible for grid 

balancing. Improving system flexibility will allow NG to balance at shorter timescales and will 

aid DNOs to manage their local networks more actively. There has been several UK projects 

which aim to develop more electricity flexibility [ONL19a]. 

B. Supply Side Sources of Flexibility 

New sources of grid flexibility can act either by varying the electricity supply to the system or 

the amount of demand on the system. Supply side sources of flexibility adjust the electricity 

volume delivered to the system to match demand. This can be provided by flexible generators, 

interconnection to overseas networks or ES [ONL19a].  

C. Demand Side Sources of Flexibility 

Demand side flexibility provides financial and other incentives to consumers to adjust their 

demand, allowing it to coincide with times of high availability of renewables or low prices. 

Demand side flexibility sources cover demand side response (DSR) [ONL19b] and demand 

side management (DSM) [WAR14]. DSR and DSM are defined in Appendix A.2. They can be 
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obtained from energy-intensive commercial, or industrial consumers, or from more distributed 

sources such as electric vehicles (EVs) and residential consumers. NG aims to obtain 30-50% 

of grid balancing services from demand side sources by 2020, and it is expected that 

Distribution Network Operators (DNOs) will increasingly procure them in future. DSR in the 

UK is mostly operated by aggregator companies, defined in Appendix A.3. Aggregators adjust 

the demand of their customers to provide pooled flexibility in response to signals from system 

operators [ONL19a]. 

D. Using Flexibility within Network 

Improvements in the electricity system will need changes to transmission and distribution 

network infrastructure. The increasing requirement for flexibility at the distribution level, and 

future electricity use for transport and heat, mean that the role of a DNO changes. They become 

more active distribution system operators (DSOs), whose role is similar to that of NG at the 

transmission level. Some network infrastructure may require network strengthening to contain 

changes in power flowing over them, and visibility is being increasing over the distribution 

network to track these power flows easily [ONL19a]. 

E. Policy Challenges on Grid Flexibility 

Developing a more flexible electricity system improves the security of electricity supply whilst 

reducing carbon emissions and providing important savings for consumers. However, possible 

policy challenges of increasing flexibility cover the distribution benefits and costs, and 

concerns on cyber security and privacy [ONL19a].  

1.5.3 Future UK Power System Needs  

The future of UK power system needs are described with five key future system needs; 

including inertia and rate of change of frequency (RoCoF), frequency response, reserve, 

reactive power/voltage support and black start. However, this section mostly focuses on 

frequency response. Table 1.6 presents a summary of how these needs are currently met and 

any potential improvements that could be made.  
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A. System inertia and Rate of Change of Frequency 

System inertia arise from the rotational energy stored in synchronous machines such as nuclear, 

gas, coal or hydro power plants. Inertia determines how quickly grid frequency will change 

when there is an imbalance between demand and supply; the higher the inertia, the slower the 

change in frequency. As levels of solar, wind and interconnection continue to grow, system 

inertia is expected to drop. Inertia stabilises grid frequency and decreases the RoCoF. Although 

faster acting frequency response helps to manage a greater RoCoF, some inertia is still needed 

to maintain frequency for long enough to allow even the fastest grid frequency response to be 

triggered.  

B. Frequency Response 

Grid frequency response is an automatic change in demand or generation to respond to changes 

in system frequency. The amount of response required is directly influenced by system inertia, 

the largest generation size or demand loss. Frequency response can be summarized as following: 

¶ Frequency response is needed to balance system frequency in real time. 

¶ Response capacity is increasing and the requirement is greatest when the inertia is low. 

¶ NG purchases a firm (stable) volume of response through Firm Frequency Response 

(FFR) ahead of time. 

¶ The remaining, increasing or variable volume of response is accessed through 

Mandatory Frequency Response (MFR) in the BM closer to real time. Currently, this is 

economic and offers flexibility. 

¶ Faster-acting response can decrease the overall volume of response required. 

¶ The flexibility offered by MFR is needed for the volatility of the need, but the number 

of providers are reducing. 

¶ Changes to respond products are needed that provide a route to market for fast-acting 

response and the flexibility which NG need closer to real time. 

¶ This will be created using industry consultation and started by March 2018. 

How do NG manage frequency response today? NG needs response which acts faster than 

the products which we use today and NG need flexibility closer to real time. 
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¶ The need is greatest when inertia is low. With lower system inertia, the frequency 

moves faster. This shows NG requires faster-acting response.  

¶ óDynamicô response is used to continuously follow and control small deviations in 

frequency owing to small imbalances in demand and generation. 

¶ óStaticô response initiates when a fixed frequency limit is breached. It is used along with 

dynamic response, to include a large frequency event such as generator or demand trips. 

¶ The need certainty is less due to several factors such as transmission demands and 

output from solar and wind. This shows NG requires a market structure that enables 

procurement and access to flexibility closer to real time as requires become more 

certain. 

C. Reserve 

Reserve is required to ensure imbalances which occur from forecasting errors or unexpected 

losses on the system can be managed. Reserve is instructed manually after automatic frequency 

response service have provided. Reserve can be either downward (a decrease in generation/ 

increase in demand) or upward (an increase in generation/decrease in demand). Reserve is also 

used to describe the actions which NG take to ensure that sufficient downward and upward 

flexibility is available. NG uses a mix of balancing services products, the BM and trading to 

ensure that NG have access to reserve in the needed timescales.  

D. Reactive Power 

Reactive power (in Mvar) is used to control voltage. Demand, generation and network 

equipment (e.g transformers, overhead lines and cables) can either absorb or generate reactive 

power. These contributions need to be maintained in balance to maintain the voltage at the right 

level. Voltage is a local property of the system hence needs vary from one region to another.  

  E. Black Start 

Black start is needed to allow electricity network restoration if the transmission system or a 

large part of the system shuts down. In this unlikely event, it is a requirement that NG is able 

to restore power in a timely manner.  
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Table 1.6 UK power system needs and future National Grid plans [ONL19h] 

System Inertia 

and RoCoF 

¶ No standalone system inertia product is planned to be maintained. 

¶ Complete the plan to desensitize RoCoF. 

¶ Continue collaborating in Project Phoenix, which will design, 

deploy and show the advantages of a new hybrid synchronous 

compensator to improve grid stability. 

Frequency 

Response 

¶ Procure the design and implementation of an improved grid 

frequency response product, combining FFR and EFR service, by 

March 2018. 

¶ Until such launch, continue to contract for firm needs ahead of 

time in tendered markets and access close to real time flexibility 

through mandatory services. 

Reserve ¶ Standardize present reserve products to increase transparency of 

their value. 

¶ Design and implement a new reserve product in 2018/2019. 

¶ Consider new European improvements that may affect the 

development of reserve products to ensure compatibility with 

pan-European reserve services. 

Reactive Power ¶ Develop a new reactive market which values the reactive power 

support needed and provides location signals by the end of 2019. 

¶ Investigate how to lessen the number of technical barriers to 

distributed energy assets requiring to provide reactive power to 

the transmission system. 

Black Start ¶ Consider alternative ways for system restoration in the event of a 

partial or total shut down. 

¶ Develop a more transparent way for black start procurement 

which allows greater competition. 

1.5.4 Future of National Grid Balancing Services Product Strategy Consultation ï 

Implications for Energy Storage 

In order to handle the limitations with the existing grid balancing services and better fulfil the 

challenges of the changing technology mix, NG will  simplify the existing product range 

[ONL19g]. Therefore, NG has launched a consultation on the future of UK grid balancing 
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services markets. There is an importance on increasing the role of flexible balancing service 

providers to respond to the needs of the UK power system. This should offer opportunities for 

BESS providers.  

Owing to the changing energy mix on the grid, especially the increasing amount of renewable 

and decentralized generation on the distribution network, there is more requirement to be able 

to respond intelligently and flexibly to the system demands. Motivating and making it easier 

for flexible service providers, such as operators of battery energy storage or demand side 

services, to participate in the grid balancing services markets can help to achieve this. The 

Consultations proposals aim to: 

¶ Rationalize the existing proceeding of grid balancing services products by removing 

any obsolete products. 

¶ Simplifying the remaining service products by standardising contract terms, the 

procurement process and technical needs. 

¶ Improve the service products based on feedback received from industry. 

¶ Improve the information that NG provided, to make it easier for participants to access 

grid balancing servicing products.  

A. Existing National Grid Balancing Services Markets 

The existing NG balancing services products have been build up over many years as NG needs 

have gradually shifted. There are currently more than 20 different balancing service products 

that providers can select from, each with different technical requirements and routes to market; 

more detail about each balancing service can be found in [ONL19g]. 

How NG purchases each product is different, however the purchase of each one is to ensure 

that NG has tools available to maintain the quality and security of the electricity generation at 

the lowest cost to consumers. This complexity produces a barrier to entry. This affects existing 

and new balancing service providers, new technologies and business models which may not fit 

into present product structures. 

B. Simplifying the Existing Balancing Services Products 

NG will address the issues described above through a three-stage programme of rationalisation, 

standardisation and improvement with important engagement with providers. 
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Stage 1 ï Rationalisation: Some products are no longer needed in their present form or have 

been superseded by later products. Therefore, NG is proposing a review to decrease the suite 

of products that NG procure. Existing contracts for these products will still be respected, 

however the potential to move to market-based choices will be offered where possible. This 

does not mean that the requirement behind the product has lessened, just that there is or will be 

other possible route to market for those providing the product. 

Stage 2 ï Standardisation: Existing NG balancing services markets (e.g Fast Reserve, FFR 

and STOR) include some parameters which parties can change when submitting tenders. 

Besides the information on interactions and requirements detailed in [ONL19g], NG will also 

be looking to give more definition around these tendered parameters through standardising the 

products within each balancing service market. Approaches include:   

¶ Daily availability windows, e.g 24-hour, 24-hour triad avoidance, evening peak, 

overnight. 

¶ Contract periods, e.g 1 month, 6 months, 1 year, 2 years. 

¶ Frequency response droop curve, e.g minimum MW power delivery at 0.2Hz, 0.5Hz 

and 0.5Hz deviations. 

¶ Speed of reserve energy delivery, e.g 2 minutes, 5 minutes, 10 minutes, 20 minutes. 

NG will also be reviewing NG contract periods to ensure that they are suitable for all 

technology types that could deliver the service. NG will keep working with industry to achieve 

the optimum way to standardise the existing balancing markets through the change proposal 

governance process. 

Stage 3 ï Improv ement: NG wants to ensure that the products that NG purchases are fit for 

purpose today and in the future. Therefore, NG will work with the industry to improve the NG 

product suite beyond just standardising the existing balancing market products. NG will 

improve the product it purchases to better meet both changes in the technical abilities of the 

assets providing the balancing services, and changes in the commercial arrangements aiding 

the investment and operation of those assets.  
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1.6 Grid Storage Services and Applications 

This section covers some important grid frequency response services and grid storage 

applications which are used in this thesis. 

1.6.1 Frequency Response Services 

In power distribution networks, the frequency changes continuously because of the imbalance 

between total generation and demand; if demand surpasses generation, a decrease in the 

frequency will occur and vice versa [ONL18g], [GUN18b]. Maintaining the grid at a nominal 

frequency (i.e. 50 Hz for the UK) requires the management of many disparate generation 

sources against varying loads. This is becoming ever more challenging because of the increased 

penetration of RESs and subsequent inertial level reduction [GUN17a]. To overcome this issue, 

the NGET has introduced various frequency response services, including FFR and EFR service, 

to assist with maintaining the grid frequency closer to 50 Hz under normal operation [ONL18g]. 

There are three response durations for FFR, including primary frequency response (PFR), 

secondary frequency response (SFR), and high frequency response (HFR). PFR requires a rapid 

generator response (see Fig 1.12).. The generator must be capable of increasing its power 

output within 10 second of predefined grid frequency excursions, and be capable of keeping 

this response for a further 20 seconds. Generators that deliver SFR services must be capable of 

increasing their power output within 30 seconds of predefined grid frequency excursions, and 

be able to keep this response for a further 30 minutes [ONL18h], [BAC07]. HFR must be 

provided within 10 seconds of a frequency event, which can be sustained indefinitely 

[ONL18h]. EFR is introduced as a new fast response service for grid balancing service that can 

provide 100% active power within 1 second of registering a frequency deviation, as shown in 

Fig 1.12. NG prepared an EFR specification to facilitate a tender competition between potential 

energy storage providers in 2016 [ONL16a]. 
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Fig. 1.12 Frequency response services used to limit grid frequency drops in the UK power 

system. 

A BESS is an ideal choice for delivering such service to the power system due to its capability 

for a faster response time compared to conventional energy generation sources, high energy 

efficiency, flexible storage size and low maintenance requirements [FEE16], [SAW16]. BESS 

can reduce power demand variation by smoothing off-peak hours (charge) and shaving on-peak 

hours (discharge). Several benefits could be obtained from reducing demand variations, such 

as more reliable energy thanks to more ancillary services, congestion relief in main 

transmission network and more controllability in the case of unexpected disturbances [ANV17]. 

DFFR: Dynamic frequency response is continuously delivered and is used to manage second 

by second grid frequency variations. Dynamic response is automatically provided for all 

frequency changes outside of the DB (50Hz ±0.015Hz) [ONL18n]. 

SFFR: Static frequency response is triggered at a defined frequency deviation that is specified 

in the providers Framework Agreement, which must be in qualified before tendering. There is 

no requirement to respond within the operating range [ONL18n].  

EFR: EFR is introduced as a new fast frequency response service for grid balancing that can 

deliver full-scale active power within one second of registering a grid frequency deviation. 

NGET prepared final EFR specification to facilitate a tender competition for 200 MW of 

support provision to be distributed amongst potential energy storage providers in 2016 

[ONL16a]. 
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The amount of response provided by a provider is monitored from time to time during any 

sampled period. If the energy storage unit is deemed to be underperforming, this causes a 

reduction in all nomination and availability fees. The formula for calculating the Service 

Performance Measurement (SPM) is shown in (1.8) [ONL18o]. Availability rate based on SPM 

can be extracted using Table 1.7. 

Ὓὖὓ ὌὭὫὬὩίὸ ὰὩὺὩὰ έὪ ὴέύὩὶ ὫὩὲὩὶὥὸὭέὲϳὅέὲὸὶὥὧὸὩὨ ὶὩίὴέὲίὩ (1.8) 

Availability Fee (£/hr): This is the main fee that all energy storage providers will tender in. It 

is the number of hours availability from a storage provider for making the service available to 

the NG. 

Nomination Fee (£/hr): Upon a tender being accepted, the NG can select to nominate all or 

part of the hours tendered in. This payment is generated by each hour nominated. This is a fee 

for being called upon to deliver the service. 

Table 1.7 Availability rate based on SPM obtained from NGET frequency response service 

specification [ONL18o] 

SPM (%) Availability Rate (%) 

<10 0 

>10 & <60 50 

>60 & <95 75 

>95 100 

The NG are continually reviewing the FFR service and hence all aspects are subject to change 

in the future. Existing provider arrangements will be maintained as they are, all new 

arrangements will be in line with updated current standard contract terms and framework 

arrangements [ONL18o]. 

1.6.2 Triad Avoidance 

Triad refers to the three half-hours settlement periods with the highest system demand between 

the months of November and February, separated by at least ten clear days. The timing of these 

peaks is typically between 16:00 to 18:00. These three periods are not known in advance and 

therefore are determined from the measured data analysed in March of every year. Half hourly 
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metered (HHM) electricity customers in the UK pay charges proportional to their consumption 

during the Triad; this is called the Transmission Network Use of Service (TNUoS). The HHM 

customers can minimise their TNUoS charges by reducing their demand during Triad periods. 

Many commercial customers have an ES device or back-up generators to ensure the 

maintenance of critical supplies in case of a failure that can also be engaged to decrease Triad 

demand; this is known as óTriad avoidanceô [ONL18l], [MUL14], [GOU17]. It is also possible 

for generating assets such as BESSs to export power to the grid during the Triad, this results in 

a payment from the electricity supplier known as the TAB. It is a complex task to predict the 

Triad periods in advance, however, many electricity suppliers offer Triad prediction services 

based on insufficient system margin (NISM) provided by NG and other factors such as the 

weather forecast. The NG does not predict the Triads and they are not known in advance. 

Therefore, in order to avoid charges, HHM customers should avoid all potential peaks; this 

smooths the demand across the winter [ONL18u]. 

Triad is not a commercial service, however it does represent a benefit for substantial revenues 

from ESS. The mean energy demand within the three half-hours provide an important 

proportion of the annual network use charges imposed by the NG. By delivering energy during 

the Triad periods, ESS can make revenue by either absorbing the inverse of the charge directly 

or, if metered by an energy supply company, by decreasing the cost to the energy supply 

company and gaining an agreed proportion of the saving [GRE15]. 

1.6.3 Energy Arbitrage  

The electricity price tends to follow a daily pattern of a low price during off-peak night time 

hours and a high price during on-peak day-time hours. If the BESS stores energy at off-peak 

times with the lower price and then resells at on-peak times at a higher price, it can make profit 

from the price difference, this is referred to as arbitrage [GUN17]. The emergence of wholesale 

electricity markets in the UK, together with significant increases in prices, and price volatility 

of electricity have raised the interest in potential economic opportunities for electrical energy 

storage [SIO09]. One of the main profit streams for ES is temporal arbitrage opportunity 

obtained by price volatility in the wholesale market. Energy arbitrage refers to the participation 

of ES in the day-ahead energy market; and it involves utilizing ES to benefit from electricity 

price fluctuations by charging during low-price periods, discharging during high-price periods, 
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and profiting from the price differential [TEN17], [DUR14]. ES can also generate revenue 

through the delivery of ancillary services such as grid frequency regulation [XIN17].  

1.7 Literature Review 

This section provides a general literature review on grid storage services and applications, 

power system analysis, ESSs and BESSs. Note that each chapter in this thesis includes its own 

related literature review. 

1.7.1 Frequency Regulation 

Since the EFR is introduced as a new UK grid balancing service published in the late of 2016, 

in literature there are only a few papers about EFR service delivery for grid support. In 

[GRE17], a new EFR control algorithm implemented in the DC/AC converter of a BESS was 

developed to fulfil the NGET EFR service requirements, however in this thesis EFR control is 

achieved with battery energy management system rather than controlling the energy storage 

converter. The study [GRE17] compares the performance of the EFR Sevice-1 (wide dead-

band) and Service-2 (narrow dead-band), and it was stated that the narrow service is technically 

more challenging, likely requiring four time the storage capacity of the wide service. That 

control algorithm does not cover the 15-mins frequency event control to be able to increase the 

availability of the BESS, especially with the narrow dead-band. However, this thesis extends 

the basic EFR control algorithm with the two different extended 15-mins frequency event 

controls to achieve a maximum BESS availability for delivering EFR service. In addition, in 

[GRE17], the algorithm manages the SOC of the BESS, maintaining at 49-51%. But, the SOC 

band should not be kept at less than 5% SOC band in order to reduce battery degradation and 

hence prolong its lifetime.  

In [COO17], Cooke et al.  present a method of providing the new EFR service to avoid the 

necessity of holding more FFR in reserve when system inertia falls. That study also introduced 

several alternative response curves which indicate that if arresting the fall in grid frequency in 

the event of a drop in generation is an important aspect of the control design, then a stepped 

response may provide a better service. An energy storage strategy based on PI control can help 

with restoration and damping of frequency. However, that response time will be slower than a 

stepped response so that stability can be ensured.  
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In [CAN17], the authors investigate the possible performance of a BESS in EFR provision, by 

simulating its response to grid frequency according to the EFR service requirements, and this 

evaluating its ability to exchange energy for the service, a service performance indicator, and 

the possible aging related to battery cycling. Different EFR power versus frequency 

characteristics, BESS technologies and BESS energy capacities are considered in [CAN17]. It 

was also assumed that the BESS are connected to the UK or to the Continental Europe (CE) 

synchronous area; therefore, for the CE system those requirements are adjusted according to 

the CE frequency behaviour. However, a major specification of the EFR service is to consider 

ramp-rate limits in the UK requirements, it was not considered in [CAN17] for simplicity; 

power exchange rate limits internal to the batteries was also neglected. In addition, that study 

did not cover an extended 15-min frequency event control in order to increase the batteries 

availability. In contrast to the above studies in the field; the main contribution of this thesis is 

to present a control algorithm that enables BESSs to provide a bi-directional power in response 

to changes in the grid frequency, whilst managing the SOC of the BESS to optimise availability 

of the system. This thesis also introduces a strategy to generate additional revenues from 

ancillary services such as Triad Avoidance only available during the winter season. Moreover, 

this thesis considers layering the new UK grid frequency balancing service, EFR, with Triad 

Avoidance or Energy Arbitrage in order to maximise the systemôs availability and profitability. 

This thesis also includes experimental validation with a 2MW/1MWh lithium-titanate BESS, 

called Willenhall Energy Storage System (WESS), commissioned and operated by the 

University of Sheffield, which is the largest research only platform for grid-tie energy storage 

applications. 

1.7.2 Grid Storage Applications  

The emergence of wholesale electricity markets in the UK, together with significant increases 

in prices, and price volatility of electricity have raised the interest in potential economic 

opportunities for electrical energy storage [SIO09]. One of the main profit streams for energy 

storage (ES) is temporal arbitrage opportunity obtained by price volatility in the wholesale 

market. Energy arbitrage refers to the participation of ES in the day-ahead energy market; and 

it involves utilizing ES to benefit from electricity price fluctuations by charging during low-

price periods, discharging during high-price periods, and profiting from the price differential 

[TEN17], [DUR14]. ES can also generate revenue through the delivery of ancillary services 

such as grid frequency regulation [XIN17]. Comparing those papers, this thesis investigates 
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two applications for BESS, grid frequency regulation and energy arbitrage in day-ahead spot 

markets, and how they be scheduled in a complimentary way such that revenues are maximised 

whilst meeting service compliance.  

Numerous research studies around the world have been carried out to investigate the 

participation of large scale ESS in power grid and frequency regulation services. [BEV10] 

presents the concerns of the integration of new renewable power generation in power systems 

with a grid frequency regulation perspective. The study also covers a comprehensive overview 

on recent developments in the area of grid frequency regulation. óEnergy managementô is a 

term that has several meanings, in this thesis we focus on an optimized utilization of the 

available stored energy in a grid-tied BESS operating in grid frequency regulation services. In 

literature, there are various research works that have dealt with the energy management issue 

in grid scale energy storage systems and also control strategies for grid-tied BESS operating in 

frequency regulation with regard to different points of functionality and objectives [ANV17]. 

Several methods in the smart grid environment have been developed to optimally manage the 

energy flowing on the smart system. [MBU17] presented a novel optimisation method of 

energy cost reduction in smart grid applications to include real-time electricity pricing and 

energy management. Basaran et al. [BAS17] introduced a novel power management strategy 

by designing a wind-PV hybrid system to operate both as a grid-tied system and an autonomous 

system. The proposed management unit implements measurements from various points in the 

system; providing an effective energy transfer to batteries, loads and grid. Considering the cost 

of batteries, adopting an effective charge/discharge management strategy for the efficient use 

of the battery in order to achieve high state-of-charge (SOC) and prolong battery lifetime is 

essential [EGH14]. Gundogdu et al. [GUN18b] presented a novel energy management strategy 

that enables grid-tied BESS to provide bi-directional power in response to changes in the grid 

frequency, whilst managing the SOC of the BESS to optimise utilisation of available energy 

and the availability of the system. The study also presented a strategy to generate additional 

revenues from ancillary services such as triad avoidance. 

In literature, there are also many papers relating to the energy arbitrage application [26-31]. 

Sioshansi et al. [SIO09] presented one of the leading studies on energy arbitrage that analyses 

four key aspects of the economic value of electricity storage in the Pennsylvania-New Jersey-

Maryland (PJM) markets: -The basic relationship among storage energy capacity, storage 

efficiency and the arbitrage value of energy storage; -The accuracy of theoretical ES dispatch 
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and the value of arbitrage using perfect foresight of future electricity prices; -The temporal and 

regional variation in the value of energy arbitrage, investigating natural gas price variations, 

transmission constraints and fuel mixes on energy storage economics. The impact of larger 

storage devices, investigating how the use of ES can decrease on-peak hourly prices and 

increase off-peak hourly prices diminishing the value of arbitrage, while producing welfare 

effects for generators and consumers. In comparison with this study [SIO09], the focus of this 

thesis is related to not only energy arbitrage, but also the scheduling of grid balancing services 

such as frequency response for additional benefit.  

1.7.3 Distributed Generation (DG) System 

In the past, distribution systems were distinguished by the uni-directional power flow from 

centralized power generation stations to transmission and distribution networks. In recent years 

with the power system restructuring process, centralized energy sources are being replaced 

with decentralised ones. This has led to a new concept in electric power systems, especially in 

DG. Utilizing DG is essential for secure power generation and reducing power losses, however, 

the use of such technologies introduces challenges to power systems such as their optimal 

location, voltage regulation and power quality issues. Another important point which needs to 

be considered relates to specific DG technologies based on RESs, such as solar and wind, due 

to their uncertain power generation [ISM19]. Several types of renewable and non-renewable 

DG are available, including hydro power, wind turbines, PV, thermal solar, diesel generators, 

geothermal, fuel cells and microturbines [ROY15]. Recently, many DGs such as wind power 

generation have been installed into power systems. However, the fluctuations of these 

generator outputs affects the power system frequency. Therefore, in [ARI06], introduction of 

BESS to the power system was considered in order to suppress the fluctuation of the total power 

output of the DG. 

Razavi et al. [RAZ19] provides a comprehensive review of various types of DG and 

investigates the new challenges arising in the presence of DG in electrical grids. In [YUK07], 

a method was developed to improve the power quality of a DG power system. The method uses 

an ESS with DG using RESs such as PV generation, wind power generation and FC. The paper 

demonstrated that the electric power quality is improved when the battery storage is introduced. 

Obaid et al. [OBA15] investigated the UK power system with FES and BESS alongside EVs 

for primary frequency control. The paper also presented an analysis of the simplified model of 
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the UK power system for 2030 projections. Muttaqi et al. [MUT19] provided a review of the 

state of art of future power grids, where new technologies will be integrated into the power 

distribution grid. Mehigan et al. [MEH18] also provide some predictions on what level of DG 

is expected, appropriate or optimal in future power systems. The paper investigated the factors 

that influence the role of DG in future electricity systems. 

1.7.4 Energy Storage Systems (ESSs) 

Owing to the great potential and the multiple functions of ESS, in literature there are many 

studies on ESS research, its developments, demonstrations and industrial applications. Ibrahim 

et al. [IBR08] investigated the need to store energy for improving power networks and 

maintaining load. A group of characteristics of various ESS technology is provided, which can 

help to improve performance and cost estimates for ESSs. The study provided a well-organized 

and comprehensive review on progress in ESSs, which included many types of ESS 

technologies and their applications and deployment status [CHE09].  

In literature, there are a number of review articles focusing on several ESS technologies; 

including BESS [ZHA18], flywheels [MOU17], supercapacitors [BOY00], SMES [ALI10] , 

TES [ALV18], CAES [BUD16] and PHS [REH15]. Battery, ultra-capacitor and fuel cell 

storage technologies were discussed and compared in [KHA10]. History, evaluation and future 

status of different ESS technologies were provided in [WHI12], [MAS10]; and a 

comprehensive review on ESS technologies, their roles, and impacts on future power system 

is given in [NAD19]. New technology and possible advances in energy storage technologies is 

evaluated in [BAK08]. According to Baker et al. [BAK08]  the greatest potential for 

technological improvements probably lies in the incremental development of existing ES 

technologies facilitated by advances in engineering, material science, processing and 

fabrication. These factors are applicable to both thermal and electrical storage. Future ES 

technologies may be expected to offer increased power and energy densities, although, in 

practice, longevity, in reliability, cycle life expectancy and cost may be more important than 

increases in power/energy density. Soloveichik et all. [SOL14] provided a detailed review on 

the development of regenerative fuel cells (RFCs) and the current status of hydrogen-based 

RFCs for ES applications. RFCs are capable of both power generation and, in a reverse mode, 

a fuel production. The review study [SHA18] also provided an overview of different ES 

approaches and focused on hydrogen-based ES methods. The study presented the state-of-art 
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HES methods and addressed the technical challenges in this field. The various applications of 

hydrogen in load levelling and transportation are also presented in [ROH16]. 

Greenwood et al. [GRE17] published a leading study that provided new methods to analyse 

and assessing the performance of ESSs within existing service frameworks, using real-time 

network simulation and power hardware in the loop. New statistical approaches were devised 

to quantify the design and operational needs of ESS delivering EFR service. Patsios et al. 

[PAT17] introduced a case study, a 50 MW wind farm with hybrid ESS consist of NaS and 

SCs, and presented on Newcastle University research on hybrid ESSs; including hybrid 

systems sizing and technology selection, complementing renewables, industrial applications 

etc. The useful study also presented on ESSs technology selection and sizing and laboratory 

facilities dedicated to hybrid ESS integration.  

Jenkins et al. [JEN17] provided a control methodology for the grid to consider a number of 

EVs in a similar way to more established ESS allowing existing ESS control algorithms to be 

utilised. The study [VAC16] built on established methods for sizing ES to complement wind 

generators on delivering grid frequency support and introduces considerations for hybrid ESS 

consists of more than one ES technology. The methodology was applied for a 60MW wind 

farm complemented by Vanadium Redox flow battery and supercapacitors for the provision of 

UK primary, secondary and high frequency response.  

1.7.5 Battery Energy Storage Systems (BESSs) 

In the UK, a limited number of grid-tied BESS have been installed for delivering grid scale 

applications. A 2.5 MW/5MWh lithium iron phosphate ESS based in Darlington provides 

commercial ancillary services and load shifting to the power grid. A 6MW/10MWh lithium-

nickel ESS based in Leighton Buzzard provides frequency support, load shifting, peak shaving 

and arbitrage applications to the grid. In 2013, the UKôs first grid-tied lithium-titanate BESS; 

the Willenhall Energy Storage System (WESS), was installed by the University of Sheffield to 

enable research on large scale batteries and to create a platform for research into grid ancillary 

services such as fast frequency response [GUN17a], [GUN17b]. 

The study [OUD06] investigated the important potential of BESS for grid frequency regulation. 

Their value analyses is obtained by comparing frequency control reserve prices on the grid 

ancillary services market with standard BESS installation and maintenance costs. The BESS 



71 

 

can meet the technical requirements for primary frequency regulation by injecting power to the 

grid on low frequency excursions, below a nominal value, and absorbing power from the grid 

for high frequency periods, above a nominal set point. Moreover, since the BESS is composed 

only of static elements, it has a faster dynamic response compared to conventional generators 

or other storage devices. 

In recent years, many BESSs have predominantly been installed worldwide for peak shaving 

and load levelling. Most early projects intended for grid frequency control were actual 

demonstrations for the feasibility of the technology and the economic feature was often left 

aside. For this reason, preceding BESS devices were usually over-dimensioned, thus 

eliminating any chances of high economic profitability [MER09]. A previous study [OUD07a] 

presented on optimisation strategy for the dimensioning of a BESS for primary frequency 

response using a control algorithm based on fixed state of charge limitations. The strategy 

developed enables sizing of the main parameters of a BESS; including battery capacity, 

minimum and maximum SOC, along with recharge and discharge powers, for primary 

frequency response control applied to a large interconnected power system. The study [LU95] 

derived a BESS dynamic model applied to power system stability; [KOT93] evaluated the 

effect of a 30MW battery device for grid frequency regulation in the Israeli isolated power 

system; [OUD06] performed a value analyses of various BESS applications; [OUD07b] 

examined the dimensioning and optimisation of the BESS applied to primary frequency control 

in interconnected networks; [ADI99] merged an incremental model of the BESS into the load 

frequency control of an isolated power system and evaluated the system performance 

improvement. 

Mercier et al. [MER09] presented a method for optimal sizing and operation of a BESS used 

for spinning reserve in a small isolated power system. A new control algorithm using adjustable 

SOC limits is applied and tested on a BESS dynamic model. An optimal sizing method of the 

BESS is developed for an isolated power system in order to obtain highest profitability of the 

device. It was demonstrated that the BESS can significantly improve the power system stability, 

grid security and the flexibility for a small isolated power system with low grid inertia. It also 

meets the frequency control requirements with a high economic profitability. 

BESSs inherently have a great flexibility for charging and discharging processes. Flexibility is 

likely to become an essential resource in the future power grid [BRA13]. Numerous studies 

investigated multi-purpose usage of BESS in the electric power system; most of them focusing 
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on the provision of local distribution grid services [BRA14], [OUD07b], [WEI14]. The use of 

battery unused capacity, in terms of power and energy, to provide primary control reserve (PCR) 

was investigated in [HOL16]. Cost-effectiveness in different regions [MIR15] such as 

Germany [HOL15], and the technical feasibility for this concept was presented in [THO13], 

[BOR13], [MEG13].  

Zhu et al. [ZHU19] provided an optimal coordinated control of multiple BESS for primary 

regulation (PFR) service. The study proposed a profit-maximizing BESS coordination control 

strategy that is concerned with two operational phases, namely frequency regulation and SOC 

recovery. Regarding the frequency regulation phase, the study minimized the regulation failure 

penalty by optimally coordinating the operation of multiple BESSs in response to frequency 

deviations. For the SOC recovery phase, the study proposed to derive the optimal SOC target 

for the BESS. By adjusting the SOCs to the target during the SOC recovery phase, the expected 

regulation failure penalty is minimized for the upcoming grid frequency failure events. 

Comparing the single-BESS scenario, the major difficulty of multi-BESS control is the optimal 

coordination of BESSs at the frequency regulation. If not properly coordinated, some BESSs 

may exhaust their energy capacity before the others, which decreases the total power capacity 

available and may cause unwanted regulation failures [ZHU19]. 

Patsios et al. [PAT16] provided an important and leading study on control of grid-tied BESSs. 

The study also investigated the effect of SOC management on battery degradation and overall 

system efficiency. It was demonstrated in the study that on managing battery SOC, higher SOC 

bands increase the rate of battery degradation, whilst lower SOC bands decrease system 

efficiency owing to higher losses in the battery.  

The well-known reference study [DIV09] investigated the current status of BES technology 

and methods of assessing their economic viability and impact on power system operation. A 

comprehensive discussion on the role of BESSs of electric hybrid vehicles in power system 

storage technologies was also provided.  

Application and modelling of BESS in power systems was evaluated in [XU16]. The important 

study provided a useful guidelines in the use of new models to represent a BESS for power 

system analysis. 
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1.7.6 Power Management & Energy Management System (EMS) 

Energy management is a term that has several meanings, in this paper we focus on an optimized 

utilization of the available stored energy in a grid-tied BESS operating in grid frequency 

regulation services. In literature, there are various research works that have dealt with the 

energy management issue in grid scale energy storage systems and also control strategies for 

grid-tied BESS operating in frequency regulation with regard to different points of 

functionality and objectives [MOG17]. Several methods in the smart grid environment have 

been developed to optimally manage the energy flowing on the smart system. [MBU16], 

[MBU17] presented a novel optimisation method of energy cost reduction in smart grid 

applications to include real-time electricity pricing and energy management. Basaran et al. 

[BAS17] introduced a novel power management strategy by designing a wind-PV hybrid 

system to operate both as a grid-tied system and an autonomous system. The proposed 

management unit implements measurements from various points in the system; providing an 

effective energy transfer to batteries, loads and grid. Considering the cost of batteries, adopting 

an effective charge/discharge management strategy for the efficient use of the battery in order 

to achieve high SOC and prolong battery lifetime is essential [EGH14]. Bahloul et al. [BAH18a] 

presented a hybrid power management method and investigated its impact on battery life 

extension on operating grid frequency regulation [BAH18a]. Bahloul et al. [BAH18b] also 

published another important study on a power management system for controlling a hybrid-

supercapacitor hybrid ESS (HESS) on operating EFR service. 

According to Byrne et al. [BYR18], EMSs and optimization methods are needed to safely and 

effectively utilize ES as a flexible grid asset that can deliver multiple grid services. The study 

provided a review of grid-scale ESS and overview of EMS architectures, and a summary of the 

existing leading applications for storage. The study also provided a comprehensive discussion 

of EMS optimization methods and design. 

Shen et al. [SHE15] provided a supervisory EMS for real time implementation for a 

battery/ultracapacitor HESS. Furthermore, a rule-based EMS was also implemented in the 

work for comparison with the proposed EMS strategy. Ke et al. [KE15] presented an EMS 

control methods and sizing strategies for using ES to manage energy imbalance for variable 

generation resources.  



74 

 

The study [KHA17] presented a technical and economic model for the optimal sizing of a grid-

tied photovoltaic-battery energy systems (PV-BES) for different battery technologies. An 

iterative analytical technique is used to determine the battery capacity, generate multiple 

combinations of PV-BES over a defined range of PV rated power, and apply a proper EMS. 

1.7.7 Battery Management System (BMS) and State-of-Charge (SOC) Estimation 

An effective BMS using the Li -ion battery is essential so that battery can operate safely and 

reliably and to provide the full available power and energy capacity. Moreover, a BMS is 

important for collecting and processing data, detecting faults, equalizing battery voltage that 

are the significant factors for obtaining a good accuracy of SOC and SOH [HAN17].  SOC in 

BMS system is considered as one of the important and critical factors that has been researched 

in recent decades. The studies [HAN17], [HE12] discuss the Li -ion battery SOC estimation 

and management system in EV applications.  

Various SOC estimation methods was proposed in literature [HUE98], [PIL01], [PEI06]. 

Among these, the internal resistance and the terminal voltage of a battery are two parameters 

than can be easily attained and hence are convenient for SOC estimation. However, these 

parameters not only change irregularly with the DOD, the ambient temperature and the 

charging/discharging rate, but also depend highly on SOH of the batteries which will decrease 

with time. The complex interrelationship of these factors brings into the difficulties in the 

research of an accurate SOC estimation method. [SOO09] proposes a SOC estimation method 

for Li-ion batteries on the basis of coulomb counting. The CCT calculates the remaining 

capacity simply by accumulating the charge transferred in or out of the battery. The recent 

applications of battery power in many portable devices and EVs [AFF05], [ROT05], are 

facilitating the realisation the application of CCT. The accuracy of this method reports mainly 

to an accurate measurement of the battery current and precise estimation of the initial SOC. 

With a pre-known capacity, which might be stored in the memory or initially estimated by the 

working conditions, the battery SOC can be calculated by integrating the charging and 

discharging currents over the working periods. However, the releasable charge is generally less 

than the stored charge in a charging and discharging cycle. This means, there are losses at 

charging and discharging process [COL07]. For more accurate SOC estimation, these factors 

has been taken into account in the CCT based SOC estimation method used in this thesis. There 

are various factors that affect the accuracy of Coulomb counting technique, including battery 

history, temperature, current measurement, and cycle life [SOO09]. 
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1.7.8 Battery Lifetime Analyses 

A key factor in BESS operational planning is the lifetime of battery. Therefore, a model which 

formulates the degradation mechanism as a function of battery operations is essential to account 

for the battery operating cost. Battery degradation models can be categorised as theoretical 

models and empirical models. Theoretical degradation researches [VET05], [NIN04], [NIN06], 

[SPO03], [ZHA08] have mostly investigated the loss of lithium ions and other active materials. 

These models provide comprehensive explanation of the different degradation mechanisms and 

how they are affected by the condition and use of the battery. At the planning stage one can 

only predict the BESS operating pattern, and no information is available on the cell conditions. 

Theoretical works linking operational-level observations to the molecular-level degradation 

processes are currently insufficient [SMI13], [LAR15]. Therefore, it is difficult to directly 

correlate the charging and discharging processes with the molecular-level processes occurring 

inside the cells.  

Empirical models are more convenient to incorporate with storage planning and operations 

works [KOL13], [PET10], [ORT14]. Each of these empirical degradation models are 

developed for a particular BESS application, where the BESS operating region is narrow and 

model based degradation experiments can achieve an accuracy that is satisfactory. Empirical 

battery degradation models are limited by underlying experimental data. Therefore, a model 

designed for a specific application scenario may not be applicable to another. For instance, 

empirical models for EVs generally assume a regular daily charging scheme. Such a model is 

unlikely to be applicable to predict the performance of a battery used for grid frequency 

regulation, where the BESS follows a stochastic charging and discharging signal. Therefore, 

attaining an accurate empirical model of battery degradation needs that operation-specific 

battery aging experiments be performed for each new application. Such tests take a lot of time 

and would have to be performed in advance using costly test facilities. To overcome these 

difficulties, the study [XU18] proposes a semi-empirical battery degradation model intended 

for off-line battery life estimations. The model combines theoretical analyses with 

experimental observations, and gives a model that is accurate not only within the operating 

region covered by the experimental data, but is also suitable to other operating conditions. 

Capacity fading in battery cells owing to charging and discharging is similar to the fatigue 

analyses of materials subjected to cyclic loading [VET05], [LAR15], [WAN11]. Each cycle 

generates an independent stress, and the loss of battery life is the result of the accumulation of 
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all cycles. Milner [MIL10] created an analytical cycle-based model based on Zhurkovôs crack 

propagation theory [ZHU65] and the Arrhenius relationship [12]. [BEL16], [KAR13] 

implement the Rainflow cycle counting algorithm [MAT68], [DOW82] to count cycles in the 

batteryôs SOC profile. The Rainflow algorithm is broadly used for fatigue analyses and has 

been applied to battery cycle analysis in [DUF08], [MIS02], [CHA10].  
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2 Control of Grid Tied Battery Energy Storage System for Frequency 

Response Services 

Balancing the grid at 50 Hz requires managing many distributed generation sources against 

a varying load, which is becoming an increasingly challenging task due to the increased 

penetration of RESs such as wind and solar and loss of traditional generation which provide 

inertia to the system. In the UK, various frequency support services are available, which are 

developed to provide a real-time response to changes in the grid frequency. The NGET, the 

primary electricity transmission network operator in the UK, has introduced the FFR service 

which requires a response time of 2-30 seconds, depending on FFR service type; and the new 

fastest EFR service, which requires a response time of under one second. A BESS is a suitable 

candidate for delivering such service. Therefore, in this chapter a new DFFR control algorithm 

is presented which generates a charge/discharge power output with respect to deviations in the 

grid frequency and the NGET required DFFR specification. SFFR high and low frequency 

response control algorithms are also developed to deliver a non-dynamic service where an 

agreed amount of power is absorbed/generated if the grid frequency reaches a certain trigger 

point. Four EFR control algorithms are finally developed to provide a charge/discharge power 

output with respect to deviations in the grid frequency and the ramp-rate limits imposed by the 

NGET, whilst managing the SOC of the BESS for an optimised utilisation of the available 

stored energy. The simulation results of the FFR and EFR control algorithms developed in 

MATLAB/Simulink are experimentally validated by a 1MWh LTO battery based WESS, 

operated by the UoS. 

2.1 Introduction  

In power distribution networks, the frequency changes continuously because of the imbalance 

between total generation and demand; if demand surpasses generation, a decrease in the 

frequency will occur and vice versa [ONL18g], [GUN18b]. Maintaining the grid at a nominal 

frequency (i.e. 50 Hz for the UK) requires the management of many disparate generation 

sources against varying loads. This is becoming ever more challenging because of the increased 

penetration of RESs and subsequent inertial level reduction [GUN17a]. To overcome this issue, 

the NGET has introduced various frequency response services, including FFR and EFR service, 

to assist with maintaining the grid frequency closer to 50 Hz under normal operation [ONL18g].  
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Various research studies around the world have been performed to investigate the participation 

of large scale BESS in power grid and FFR services [STR16] [STR17] [KNA16]. In [LIA17], 

a methodology for optimising BESS with respect to the control parameters for delivering FFR 

service and the size of the BESS is proposed under UK regulatory framework using historical 

grid frequency data. An economic analysis is also performed based on the estimated battery 

lifetime and the UK grid frequency regulation market. [BEV10] presents the concerns of the 

integration of new renewable power generation in power systems with the grid frequency 

regulation perspective. The study also covers a comprehensive overview on recent 

developments in grid frequency regulation area. 

Since the EFR is introduced as a new UK grid balancing service published in 2016, in literature 

there are limited number of papers about EFR service delivery for grid support. Greenwood et 

al. [GRE17] published a leading study that provided novel methods to analyse and assessing 

the performance of ESSs within existing service frameworks, using real-time network 

simulation and power hardware in the loop. The study [GRE17] also compares the performance 

of the EFR Service-1 (wide DB) and Service-2 (narrow DB), and it was stated that the narrow 

service is technically more challenging, likely requiring four times the storage capacity of the 

wide service.  

In [COO17], Cooke et al. considers different ES strategies for assisting with frequency 

response and compares these to the EFR and the more traditional FFR service. The study 

presents a method of providing the new EFR service to avoid the necessity of holding more 

FFR in reserve when system inertia falls.  

In [CAN17], the authors investigate the possible performance of a BESS in EFR provision, by 

simulating its response to grid frequency according to the EFR service requirements, and 

evaluates its ability to exchange energy for the service, a service performance indicator, and 

the possible aging related to battery cycling. Different EFR power versus frequency 

characteristics, BESS technologies and BESS energy capacities are considered in [CAN17]. It 

was also assumed that the BESS are connected to the UK or to the Continental Europe (CE) 

synchronous area; therefore, for the CE system those requirements are adjusted according to 

the CE frequency behaviour. However, a major specification of the EFR service is to consider 

ramp-rate limits in the UK requirements, it was not considered in [CAN17] for simplicity; 

power exchange rate limits internal to the batteries was also neglected. In addition, the study 

did not cover an extended 15-min frequency event control in order to increase the BESS 
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availability. In [BAH18], a design framework for a power management system is presented to 

respond to the EFR service requirements with two storage system topologies; battery and 

hybrid ESS.  

In contrast to other recent works in the field, the main contribution of this chapter presents a 

DFFR control algorithm that enables BESSs to deliver dynamic power in response to deviation 

the grid frequency with respect to the NGET DFFR specifications. SFFRhigh and SFFRlow 

control algorithm are also developed to deliver a non-dynamic power if the grid frequency 

reaches a certain high and low grid frequency. This chapter also introduces four EFR control 

algorithms that enables BESSs to provide a bi-directional power in response to changes in the 

grid frequency, whilst managing the SOC of the BESS to optimise availability of the system. 

The first model introduces a standard control algorithm designed to meet the technical 

requirements of the NGET specifications. The advanced EFR algorithm addresses the EFR 

service design with an extended 15-minute frequency event control, in order to optimise the 

use of the available stored energy. The other advanced algorithm extends the EFR control 

algorithm to include a dynamic SOC target to maximise the energy stored. Finally, the last 

algorithm includes an SOC-based proportional controller to optimize the power delivery in 

order to reduce the battery degradation and hence extend the battery lifetime. The developed 

DFFR and EFR control algorithms have been experimentally validated with the WESS. 

2.2 BESS Control for Firm Frequency Response (FFR) Service 

The NG has a statutory obligation to keep the frequency of the NGET within ±1% of 50Hz 

(49.5Hz to 50.5Hz). The control room typically controls grid frequency within a tighter 

operational limit of 49.8Hz to 50.2Hz. Grid frequency is changing continuously, and it is 

determined and controlled by the balance between generation and demand. If generation is 

greater than demand, grid frequency increases; or if demand is greater than generation, 

frequency decreases. Therefore, the NG must ensure that sufficient demand and/or generation 

is held in readiness to respond to grid frequency deviations. Response represents the ability to 

adjust demand or generation to compensate for deviations in grid frequency within 2-30 

seconds, depending on the type of FFR service [ONL18n].  

In order to manage the grid system frequency NG relies on balancing service providers to adjust 

their active power output or consumption in order to minimise the imbalance between demand 
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and generation on the system. The extent of the required adjustment is determined by the 

system frequency deviation from 50Hz [ONL18h]. Therefore, NG purchases balancing 

services to manage the grid frequency; FFR is a frequency response service for grid balancing 

service that can supply a minimum of 1MW active power within a frequency deviation. FFR 

is open to all parties that can prequalify against the service requirements. Providers can provide 

other grid balancing services when they are not delivering FFR. Agreed loads, when summated, 

must be equal to or higher than 1MW. There must be a single point of dispatch or an approach 

in which the total output of the combined loads can be monitored to show to the NG that the 

service is available. FFR service is a proportional or continuous modulation of demand and 

generation; so FFR service can be either dynamic or static. There are three main dynamic 

service types, including primary (full output within 10 seconds sustained for further 20 

seconds), secondary (full output within 30 seconds sustained for further 30 minutes) and high 

(requires to be achieved within 10 seconds and sustained indefinitely), as shown in Fig 1.12. 

In DFFR, power changes proportional to system frequency and in SFFR, a set power level is 

delivered at a defined frequency and remains at the set level for an agreed period [ONL18h], 

[ONL18i], [ONL18j]. 

A BESS model is developed in MATLAB/Simulink and verified against experimental 

operation of the WESS. Using the NGET required FFR service specifications, three FFR 

control algorithms, including DFFR, SFFRhigh and SFFRlow are then implemented in the BESS 

model independently to deliver a grid frequency response service to their NGET service 

specifications [ONL18h]. The NGET required FFR service specifications and the proposed 

FFR control algorithms are detailed in the following sections. 

2.2.1 BESS Control for Dynamic FFR Service with No Battery SOC Management  

In this section, a control algorithm is developed to meet the NGET required DFFR service 

specifications, as shown in Fig. 2.1 and Table 2.1. 
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Fig. 2.1 NGET required DFFR power vs frequency envelope for a 1MW system [ONL18h]. 

Fig. 2.2 shows the proposed DFFR control scheme implemented in the BESS model, where the 

inputs are real-time grid frequency (f) and battery SOC, with the output being the requested 

import/export power to deliver a frequency response according to the service specification. The 

algorithm starts by detecting the position of the measured frequency with respect to the zones 

bounded by frequency values óAô to óRô in Table 2.1 (left column). This is achieved by the 

óFFR Power Calculationô (Block 1), where the required DFFR response envelope is calculated 

as a function of the limits given with their Table 2.1 (left and middle column). The calculation 

method of the proposed DFFR power envelope is described in the final column of the table. 

The required DFFR power is zero within the DB. 

In this work, battery SOC is calculated using (2.1) where SOCinit, Q and Pbatt represent initial 

SOC, Watt-hour capacity and instantaneous battery power, respectively. Stored energy in the 

BESS is expressed in (2.2) and (2.3), where – ,– , Ὁ are battery discharging efficiency, 

battery charging efficiency, and energy stored in the BESS at hour t, respectively. Note that, if 

ὖ>0 the BESS exports power at hour t and if ὖ<0 the BESS imports power at hour t. 
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Table 2.1 DFFR power vs frequency envelope limits [ONL18h] and the calculation of power 

set-points (CPower) in algorithm 
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Fig. 2.2 Blog diagram of the BESS control for DFFR service  

 

Fig. 2.3 Flow chart of the BESS charge/discharge management for DFFR (Fig. 2.2, Block 2). 

DFFR is a continuously delivered service, a DB is defined where there is no requirement to 

import/export power to the grid but there is also no opportunity to charge/discharge the battery 
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to manage its SOC. Providers must deliver continuous import/export power as detailed in the 

DFFR service envelope in Table 2.1. The power level must remain at this required envelope at 

all times; power provided outside the envelope will decrease the SPM and hence the income 

revenue [ONL18i]. Operation principle of the proposed BESS charge/discharge management 

for delivering DFFR service (Fig. 2.2, Block 2) is described in Fig. 2.3. According to the logic 

of the DFFR charge/discharge management, BESS can only import/export power with respect 

to the required DFFR power envelope described in Table 2.1 to respond to grid frequency 

changes outside of DB (±0.015Hz). According to the NGET FFR requirements which were 

valid until 23th April 2018, [ONL18h], [ONL18i], [ONL18j], [ONL18o], the energy storage 

providers are not allowed to manage their SOC within DB. Therefore, in this section, the 

proposed DFFR control designed does not include a BESS SOC management strategy with 

respect to the recent NGET FFR specifications [ONL18h], [ONL18i], [ONL18j]. 

2.2.2 Simulation Results of the BESS Control for DFFR Service 

BESS control for DFFR and SFFR services presented in 2.2.1 and 2.2.3 are simulated in 

MATLAB/Simulink using real frequency data set obtained from the NG. The simulation results 

presented in this section are all based on a 1MW/1MWh BESS model, which has been 

experimentally validated on the WESS. The parameters used in the BESS model with FFR 

control algorithms are shown in Table 2.2. 

Table 2.2 Parameters used in the FFR control algorithms implemented in BESS model 

Parameter Value 

Nominal grid frequency  

Low/high DB 

High/low trigger frequency 

Max/min FFR power limit 

Battery power/capacity for FFR 

Battery initial SOC (3/# ) 

50 Hz 

±0.015 Hz (for DFFR) 

±0.3 Hz (for SFFR) 

±1 MW 

1 MW/1 MWh 

20% 
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Fig. 2.4 Simulation results of the DFFR control algorithm for 11th Nov 2015 (first 3 hours). 

In order to show the performance of the reported FFR control algorithms in Section 2.2.1 and 

Section 2.2.3, the real frequency data for the 11th November 2015 (first 3 hours data) is used 

herein, as this particular day is known to have both a low and high frequency event. Fig. 2.4 

shows the simulation results of the DFFR control algorithm. On the frequency plot, the DB 

(±0.015Hz) is shown by the green lines. It is clear from the Fig. 2.4, the BESS continuously 

imports/exports power within the specified power envelope described in Fig. 2.1 and Table 2.1. 

It is clear from Fig. 2.5, the DFFR power (blue circles) does remain within the required 

envelope, meaning that the BESS achieved 100% availability and met the service requirements. 
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Fig. 2.5 DFFR power versus frequency response plot for 11th Nov 2015 (first 3 hours). 

2.2.3 BESS Control for Static FFR Service 

SFFR delivers a non-dynamic service where an agreed amount of power is delivered if the grid 

frequency reaches a certain trigger point (e.g 49.7Hz or 50.3Hz). The service providers monitor 

the grid frequency and adjust their generation or consumption power when the frequency goes 

below the specified frequency trigger. There are two modes of SFFR response, including high 

frequency response (SFFRhigh) and low frequency response (SFFRlow). Fig. 2.6.a and Fig. 

2.6.b show the logic of the low and high SFFR services respectively, which have to maintain 

their power output for 30 mins. NG specify a high reset frequency (50.3 Hz) and low reset 

frequency (49.7Hz) [ONL18h], [ONL18i]. The aim of the resets is to discontinue the frequency 

response if the grid frequency changes sharply for the period of the service.  

According to the proposed BESS management for SFFRlow shown in Fig. 2.6.a, when the grid 

frequency drops below the low trigger frequency (Flow), the BESS starts to deliver a maximum 

power response (SPower>0) until the grid frequency goes back above the specified high trigger 

frequency (Fhigh); the response continuation must not be interrupted until it reaches the trigger 

reset or 30 mins. The logic is reversed for SFFRhigh control algorithm shown in Fig. 2.6.b. 
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According to the proposed BESS management for SFFRhigh, when the frequency goes above 

the high trigger frequency (Fhigh), the BESS starts to import a maximum power response 

(SPower<0) until the grid frequency goes back below the specified low trigger frequency (Flow); 

the response continuation must not be interrupted until it reaches the trigger reset or 30 mins. 

Currently, the NG does not have a value for static high service. Overnight, the High 

requirement is small and the minimum dynamic need is equal to this so this shows that static 

high will already be fulfilled by the dynamic FFR service. There may be periods where a greater 

need is determined however this occurs relatively infrequently. It can be said that DFFR service 

is currently more valuable during the daytime because this service offsets margin costs which 

are not frequently incurred overnight [ONL18o]. 

 

Fig. 2.6 Flow chart of the BESS charge/discharge management for static a) Low (SFFRlow) 

and b) High (SFFRhigh) firm frequency response service. 
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2.2.4 Simulation Results of the BESS Control for SFFR Service 

Fig. 2.7 and Fig. 2.8 show the simulation results for 11th Nov 2015 of the SFFR high and low 

frequency response control algorithms, respectively. On the frequency plot, the high and low 

trigger reset frequency set points are shown by the dotted green lines. Over the 3-hour profile 

the algorithms deliver to the SFFRlow and SFFRhigh specification with no power being 

delivered until a frequency event occurs at 49.7Hz and 50.3Hz, respectively. As seen from the 

simulation results of the SFFRlow control algorithm (Fig. 2.8), the grid frequency drops below 

49.7Hz, BESS starts to export 1 MW power response until the frequency goes back above 

50.3Hz (trigger reset). 

 

Fig. 2.7 Simulation results of the SFFRhigh control for 11th Nov. 2015 (first 3 hours). 
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Fig. 2.8 Simulation results of the SFFRlow control for 11th Nov 2015 (first 3 hours). 

As seen from the results of SFFRhigh algorithm in Fig. 2.7, the grid frequency goes above 

50.3Hz, BESS starts to import 1MW power response until 30 mins. The aim of the resets in the 

SFFR control algorithms is to discontinue the frequency response if the grid frequency changes 

sharply for the period of the service. Since there is no trigger reset here (Fig. 2.7), the power 

response must continue until 30 mins. 

Table 2.3 presents the energy findings of the all FFR control algorithms for the 11 November 

2015 (first 3 hours) frequency data. It can be seen that the DFFR control algorithm can 

continuously import and export power to the grid with 83.83kWh and 236.8 kWh energy 

output, respectively. However, when the grid frequency drops below the defined trigger 

frequency of 49.7Hz, the SFFRlow algorithm can only import power until the high trigger reset, 

absorbing 65.56 kWh energy from the grid; and when the frequency sharply increase to the 

high frequency of 50.3Hz, the SFFRhigh algorithm can only export power until 30 minutes, 

delivering 500.6 kWh energy to the grid in order to balance the grid frequency. 
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Table 2.3 Energy output findings of the FFR algorithms for 11 Nov 2015 (first 3 hours data) 

 
Actual Imp. 

(kWh) 

Actual Exp. 

(kWh) 

Potential 

Imp. (kWh)  

Potential 

Exp. (kWh) 

DFFR 83.83 236.8 83.83 236.8 

SFFRhigh 500.6 - 500.6 - 

SFFRlow - 65.56 - 65.56 

2.2.5 BESS Control for DFFR Service with Battery SOC Management 

The NGET required DFFR service specifications [ONL18h], [ONL18i], [ONL18j], [ONL18o] 

was updated in 23th April 2018 and hence according to the current DFFR service requirements 

[ONL18p], the NGET demands from the energy storage providers to manage their SOC in the 

DB window; however the DFFR service control having SOC management must not negatively 

impact the power network in terms of losses, outages, frequency deviations or congestion 

problems; and hence requires an effective SOC management. 

According to the updated DFFR specifications, the SOC modelling with modified DFFR 

envelopes to permit SOC management either by charging in the frequency DB or by over-

delivery of response. The results of this analysis demonstrated that introducing these 

approaches could: 

1) Reduce the maximum amount of response available in the event of a fault on the system. 

2) Result in frequency disturbances following an event. 

3) Cause an overall increase in frequency response requirements. 

Therefore, the NG concluded that energy storage providers must continue to adhere to the 

DFFR envelope as given in their contracts, and should either [ONL18p]: 

1)  Withhold a fraction of the batteryôs total capacity from being contracted to use for 

battery SOC management; this capacity can then be used to charge or discharge the 

battery depending on its SOC. 
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2) The battery asset can be removed from delivering response entirely and use other assets 

(either another battery or alternative technology to provide response in its place while 

the battery SOC is restored to its optimum level). 

The NG notes that the SOC management will continue to be investigated in the new service 

design process that is currently under development as part of the future of grid balancing 

services [ONL18p]. 

 

Fig. 2.9 Recent NGET required DFFR power vs frequency envelope, considering battery 

SOC management in DB of ±0.015Hz for a 1MW system [ONL18h]. 
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(c) 

Fig. 2.10 BESS Control scheme for DFFR service with battery SOC management. 

In this section, a control algorithm is developed to meet the NGET required DFFR service 

specifications, as shown in Fig. 2.9. Fig. 2.10 shows the proposed DFFR control scheme 

implemented in the BESS model, where the inputs are real-time grid frequency (f) and battery 

SOC, with the output being the requested import/export power to deliver a frequency response 

according to the service specification or charge/discharge power to manage the battery SOC. 
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zones bounded by frequency values óAô to óRô in Table 2.1 (left column). This is achieved by 

the óFFR Power Calculationô (Block 1), where the required DFFR response envelope is 

calculated as a function of the limits given with their Table 2.1 (left and middle column). The 

calculation method of the proposed DFFR power envelope is described in the final column of 

the table. According to the recently updated DFFR specifications [ONL18p], the providers 

require to manage their SOC in the DB window, as shaded yellow in Fig. 2.9. Therefore, a 

proper SOC management control is implemented in the DFFR control design (Block 3) in 

MATLAB/Simulink (Fig. 2.10). In Fig. 2.10, the proposed DFFR algorithm withholds a 

fraction (1/4) of the batteryôs total capacity (1000 kWh) from being contracted to use for the 

battery SOC management; hence this capacity (max 250 kWh) can be used to charge/discharge 

the battery depending on its SOC (Block 4 & Block 5). According to the proposed control 

algorithm, a proportional controller is implemented in the previously designed DFFR control 

algorithm, described in Section 2.2.1, to charge/discharge battery in order to manage the 

batteryôs SOC (Block 4); hence this management will enable the providers reduce the 

likelihood of unavailability of the BESS on delivering the dynamic response service. As a result 

of this, the BESS will not only import/export power to the grid as in the previously designed 

DFFR control algorithm (Fig. 2.2 and Fig. 2.3); but also will do charging or discharging for 

managing the SOC of the battery, as seen in Fig. 2.10. 

Proportional control is a type of linear feedback control system where a correction is applied 

to the controlled variable which is proportional to the difference between the desired value and 

the measured value [AST10]. In this section, a SOC-based proportional controller is applied to 

the standard DFFR control algorithm (Section 2.2.1) in order to control the output dynamic 

power as a proportional of battery SOC error in order to charge or discharge battery operating 

in dynamic frequency response service (Block 3). In the proposed proportional controller, the 

controller output is proportional to the error signal (SOC error), as shown in Block 4 Fig. 2.10. 

This means that the output of the proportional controller is the multiplication product of the 

SOC error and the proportional gain (Kp). The aim of the proposed control algorithm is to share 

the batteryôs capacity for charging/discharging and import/export, independently (Block 5). 

The aim of the use of the proportional controller in the DFFR control scheme is to utilize the 

partial capacity of the battery for charging and discharging to manage the batteryôs SOC in 

order to avoid BESS unavailability, and prolong the battery lifetime. Simulation results of the 

DFFR control algorithm including SOC management will be presented in the next section. 
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2.2.6 Simulation Results of the BESS Control for DFFR with SOC Management 

The simulation results of the DFFR control algorithm having the SOC management described 

in Section 2.2.5 is presented in this section. The results in this section are all based on a 

1MW/1MWh BESS model, by sharing maximum 250 kWh battery capacity for 

charging/discharging; or the rest power for importing/exporting. The additional parameters 

used in the proposed model are shown in Table 2.4. 

Table 2.4 Additional parameters used in the design of the SOC management in DFFR algorithm  

Parameter Value 

Max capacity for charge/discharge 

SOC band set in model 

250 kWh 

45-55% 

Fig. 2.11 and Fig. 2.13 show the simulation results of the DFFR control algorithm having SOC 

management with setting the proportional gain  ὑὴ ρπ and ὑὴ ς, respectively. As seen 

from Fig. 2.11 and Fig. 2.13, increasing the proportional gain Kp set in the controller, the BESS 

charging/discharging power dependently increases based on the battery SOC error. Comparing 

the battery SOC plot in Fig. 2.11 and Fig. 2.13 , setting increased Kp value, the SOC of the 

battery reaches to the desired SOC band of 45-55% faster with increasing amount of 

charge/discharge power. The energy output findings of the DFFR control algorithms (see Table 

2.5) show that due to the sharing of battery capacity for importing/exporting or 

charging/discharging, while increasing charging/discharging energy for faster SOC 

management; this leads to a faster SOC management in the algorithm.  
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Fig. 2.11 Simulation results of DFFR algorithm with (Kp=10) and without SOC management 

for 11 Nov 2015 (first 3 hours) frequency data. 

 

Fig. 2.12 Power versus frequency plot of measured DFFR algorithm with SOC management 

(Kp=10) for 11 Nov 2015 (first 3 hours) frequency data. 
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Fig. 2.13 Simulation results of DFFR algorithm with (Kp=2) and without SOC management 

for 11 Nov 2015 (first 3 hours) frequency data. 

 
Fig. 2.14 Power versus frequency plot of measured DFFR algorithm with SOC management 

(Kp=2) for 11 Nov 2015 (first 3 hours) frequency data. 
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Fig. 2.12 and Fig. 2.14 illustrate the power response versus grid frequency plot of DFFR control 

algorithm having SOC management by setting ὑὴ ρπ and ὑὴ ς, respectively for 11th 

Nov 2015 (first 3 hours). The red line represents the current NGET required DFFR power line 

described in Fig. 2.9. It is clear that the DFFR power (blue circles) does remain within the 

required envelope, meaning that the BESS achieved 100% availability and met the service 

requirements. Comparing the simulation findings in Fig. 2.12 and Fig. 2.14, increasing the Kp 

set in the proportional controller in model, the BESS charges/discharges itself with relatively 

increasing amount of power; this leads to a faster SOC management to stay the battery SOC in 

the desired SOC band. 

Table 2.5 Energy output findings of DFFR Algorithm for 11 Nov 2015 (first 3 hours) 

 

DFFR with 

NO 

management 

DFFR with 

SOC 

management 

╚▬  

DFFR with 

SOC 

management 

(╚▬  

DFFR with 

SOC 

management 

╚▬  

DFFR with 

SOC 

management 

╚▬  

Charging 

Energy (kW) 
- 61.76 35.09 15.18 7.796 

Discharging 

Energy (kW) 
- 0 0 0 0 

Import 

Energy (kW) 
83.83 22.07 48.74 68.65 76.04 

Export 

Energy (kW) 
236.8 236.7 236.7 236.7 236.7 

Potential 

Import (kW)  
83.83 83.83 83.83 83.83 83.83 

Potential 

Export (kW)  
236.8 236.7 236.7 236.7 236.7 

 

Fig. 2.15 compares the simulation results of the DFFR algorithm with no SOC management 

and that with the proposed SOC management for whole October 2015 which is the worst month 

in 2015. As seen from the figure, applying the proposed SOC control into the basic DFFR 

algorithm, the batteryôs SOC can be successfully managed in the desired SOC band of 45-55%; 

therefore managing the battery SOC, the BESS availability increases significantly as observed 

from the comparison of the power versus frequency plots in Fig. 2.16 and Fig. 2.17. 
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The energy output findings of the DFFR control algorithms for the whole of October 2015 are 

shown in Table 2.6. It can also be seen that setting increased Kp in the proportional controller, 

the amount of charge/discharge power is increased on managing battery SOC while reducing 

the amount of power on importing or exporting. This leads to a faster SOC recovery, however, 

to reduce selling/buying power from/to grid. It can be seen from Fig. 2.15, applying the 

proposed SOC management into the DFFR algorithm, the batteryôs SOC can be successfully 

maintained in the desired SOC band of 45-55%; this results in an enhancement in the battery 

availability, as seen from the results. 

 

Fig. 2.15 Simulation results of DFFR algorithm with ὑὴ ρπ and without SOC 

management for the whole October 2015 frequency data. 
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Fig. 2.16 Power versus frequency plot of DFFR algorithm with No SOC management for 

whole October 2015 frequency data. 

 

Fig. 2.17 Power versus frequency plot of DFFR algorithm with SOC management ὑὴ ρπ 

for whole October 2015 frequency data. 
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Table 2.6 Energy output findings of DFFR Algorithm for whole October 2015 frequency data 

 

Charging 

Energy 

(kW) 

Discharging 

Energy 

(kW) 

Import 

Energy 

(kW) 

Export 

Energy 

(kW) 

Potential 

Import 

(kW) 

Potential 

Export 

(kW) 

DFFR with 

NO 

management 

0 0 32520 32590 33490 33110 

DFFR with 

SOC 

management 

╚▬  

7627 6901 25740 26120 33490 33110 

DFFR with 

SOC 

management 

╚▬  

5137 4526 28260 28580 33490 33110 

DFFR with 

SOC 

management 

╚▬  

3587 3133 29710 29980 33490 33110 

DFFR with 

SOC 

management 

╚▬  

1794 1690 31150 31340 33490 33110 

DFFR with 

SOC 

management 

╚▬  

976.6 993.5 31790 31930 33490 33110 

2.3 BESS Control for Pre-Enhanced Frequency Response (Pre-EFR) Service 

The NGET prepared a pre EFR specification to facilitate a tender competition between 

potential energy storage providers in late 2015 [ONL15a]. Using the pre-published EFR 

specification, a generalised UK frequency response algorithm is developed to evaluate control 

strategies for delivering a real-time response to deviations in the grid frequency. At the time of 

this work BESS focused frequency response services were still being developed and therefore 

any anticipated service specific constraints around control in DB had been ignored. This 

allowed this study to explore forecasting of battery SOC levels and to propose battery 

charge/discharge management methods in order to maximise BESS availability. 
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2.3.1 Pre-EFR Service Specifications 

According to NGET requirement of UK frequency response [ONL15a], energy storage 

providers must respond to deviations in nominal grid frequency of 50Hz by decreasing or 

increasing their power output. Devices specifically must supply power to the grid to respond 

to deviations in frequency outside the DB. 

 

Fig. 2.18 Maximum allowable UK Pre-EFR frequency response envelope [ONL15a]. 

The maximum DB allowable is ±0.1Hz and it has been specified wide to enable flexibility, but 

it is allowed to be tighter. Within DB, there is no requirement to deliver power to the grid, 

however there is an opportunity to charge/discharge the battery with respect to the specified 

maximum power limit to achieve a target SOC range [ONL15a], [ONL15b]. For storage assets, 

devices should be capable of managing their SOC within an envelope, therefore minimising 

saturation and depletion. The storage providers must deliver continuous power at all times as 

shown in the required envelope in Fig. 2.18. Power delivered outside the specified envelope 

will reduce the SPM and hence availability payment [ONL15a], [ONL15b]. 

In this section, the SPM is calculated per settlement period as the sum of the second by second 

proportion of normalized response against the allowable envelope (Fig. 2.18) at a given 

frequency value. Normalized response is the ratio of actual response provided in that second 

against the operational capacity or tendered capacity in MW as shown in (2.4). If the 

normalized response is within the allowable envelope, the SPM is set at 100%. The calculation 

of the availability rate is described in Table 1.7, where the SPM rate of less than 95% will cause 

a penalty in the availability payment to the energy storage providers [ONL15a].  
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Ὓὖὓ ὃὧὸόὥὰ ὄὉὛὛ ὖέύὩὶϳὄὉὛὛ ὅὥὴὥὧὭὸώȾὃὰὰέύὥὦὰὩ ὖέύὩὶ (2.4) 

2.3.2 Pre-EFR Control Algorithm Design 

A BESS model is developed in MATLAB/Simulink and verified against experimental 

operation of the WESS. A Pre-EFR frequency response control algorithm is then implemented 

in the model to deliver a grid frequency response service to the NGET specification. Fig. 2.19 

shows the battery charge/discharge management for Pre-EFR service implemented in the BESS 

model, where the inputs are real grid frequency (f) and battery SOC, and the output is the 

required power. The control algorithm starts by detecting the position of the measured 

frequency with respect to the zones bounded by vertical lines in Fig. 2.18, and then the NGET 

required frequency response power [ONL15a], [ONL15b] is calculated.  

The logic of the proposed charge/discharge management is described in Fig. 2.19.a, where if 

frequency is outside the DB, the battery imports and exports power to the grid with respect to 

the set battery upper and lower operational limit [ONL15a], [ONL15b]. Within DB, the battery 

has an opportunity to charge/discharge in order to manage battery SOC. In this section, it is 

proposed that a desired SOC range is set in the control algorithm to maintain the battery SOC 

at a level to be able to achieve maximum battery availability and also prolong the battery 

lifetime. Operation principle of the proposed battery charge/discharge management in Fig. 2.19 

(a) is demonstrated on the 2-hour profile of the real frequency of 19 Feb 2014 in Fig. 2.19 (b). 

As seen from the profile Fig. 2.19 (b), if the grid frequency is greater than the DB, the battery 

imports power from the grid to maintain; when frequency returns to the DB, if the available 

battery SOC is greater than the set higher SOC band (55%), the battery discharges until the 

SOC is within the desired range (45-55%). If frequency is lower than the DB, the battery 

exports power to the grid; when frequency returns to the DB, if the SOC is lower than the set 

lower SOC band (45%), the battery charges to maintain the SOC within the desired range of 

45-55%.  

 



104 

 

 

(a) 

 

(b) 

Fig. 2.19 Flow chart of the BESS charge/discharge management for Pre-EFR service (a), 

Demonstration of the management on the 2-hour profile of 3rd Feb 2014 (Battery import (I), 
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2.3.3 Simulation Results of Pre-EFR Control Algorithm  

The proposed Pre-EFR control algorithm is simulated in MATLAB/Simulink using the real 

grid frequency data obtained from the NGET [ONL15a] using the validated WESS model. The 

parameters used in the frequency response algorithm are given in Table 2.7. 

Table 2.7 Parameters used in the Pre-EFR control algorithm implemented in the BESS. 

Parameter                 Value 

Allowable High/Low DB 

Min/max EFR power limit 

Battery rated power/capacity 

Initial SOC (3/# ) 

Operational SOC limit 3/# ȾὛὕὅ  

Inverter efficiency (ɖ) 

Battery charge/discharge efficiency (– ) 

±0.1 Hz  

±2 MW 

2 MW/1 MWh 

40% 

20% / 90% 

97% 

95% 

A) BESS with No Additional Charging 

In this section, the proposed Pre-EFR control algorithm implemented in the BESS model has 

been analysed with a 0.05 DB having no battery charge/discharge management as well as no 

battery SOC management in order to observe the BESS import/export SPM rates of each day 

of February (see Fig. 2.20), which is the most critical month in 2014. Analysing the proposed 

frequency response algorithm, the obtained simulation results of the BESS output power and 

SOC for 14th Feb and 19th Feb 2014, which are the worst and best day in Feb 2014, 

respectively in terms of under/lower frequency events, are shown in Fig. 2.21. It is clear from 

Fig. 2.20, having no control strategy in the algorithm, the BESS is able to deliver a continuous 

power to the grid, but provides quite low import/export SPM rates, causing a high amount of 

penalty to the availability payment. Table 2.8 shows that, despite the 100% import/export SPM 

rates of the best day (19th Feb 2014), in the worst day (14th Feb 2014), the battery is only 48% 

available for delivering frequency response to the grid, where the output battery SOC stays at  

the lowest operational limit of 20% at around 3am to 5am with no battery availability in 14th 

Feb (see Fig. 2.21 (e)); however the battery SOC stays at the lowest limit (20%) at only around 

30 mins in the best day (see Fig. 2.21 (f)). The aim of this analysis is to observe the battery 

availability rates extracted from the Pre-EFR algorithm without having any control strategies; 
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and as a result of this develop suitable control strategies to be able to meet the NGET required 

battery import/export SPM of greater than 95%, providing 100% availability rate. 

Table 2.8 Battery import/export SPM (%) of the worst (14th Feb) and best day (19th Feb) in 

2014 for 0.05DB (no control strategy used) 

Days Import (%)  Export (%)  

14th Feb. 100 48 

19th Feb. 100 100 

 

 

Fig. 2.20 Battery import/export SPM rate of each days of Feb 2014 for 0.05DB with no 

battery management. 
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(c) Battery power of 14th Feb 2014 (d) Battery power of 19th Feb 2014 

 

(e) Battery SOC of 14th Feb 2014 (f) Battery SOC of 19th Feb 2014 

Fig. 2.21 Simulation results of the Pre-EFR algorithm with no battery management strategy for 

0.05DB for 14th and 19th February 2014 frequency data. 

B) A Sensitivity analysis of Battery SOC Management and Battery Charge/Discharge 

Management 

After evaluating the SPM findings extracted in Part A, in order to increase the BESS 

availability, a sensitivity analysis of battery SOC management strategy (see Table 2.10) and a 

battery charge/discharge management method (see Table 2.9) based on SPM have been 

developed to implement in the proposed Pre-EFR algorithm for the NGET allowable DB ranges 

of 0.05Hz and 0.1Hz. The aim of the battery charge/discharge management is to achieve the 

battery optimum charge/discharge power amount for each considered DB in order to meet the 

NGET SPM requirement of higher than 95% (see Table 2.9). 

 






























































































































































































































































































































































