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Aging Characteristics Consideration in AdaptiveControl Design of Grid-Scale Lithium-ion battery
Chethan Parthasarathy, Hannu LaaksonenFlexible Energy ResourcesSchool of Technology and Innovations University of Vaasa,Finland

Ilari AlaperäBusiness Development ManagerFortum SpringHelsinkiFinland

Abstract—Lithium-ion battery energy storage systems (Li-ion BESS) have been extensively used for frequencycontainment reserves for disturbances (FCR-D) and frequencycontainment reserves for normal operations (FCR-N) inFinland. Typically, for both these applications, active power-frequency (Pf) -droop curve defines the Li-ion BESS activepower dispatch to the power grid. However, Li-ion BESS’sperformance is affected due to aging resulting in the reductionof its peak power capability and capacity degradation. Theseissues needs to be considered when defining Pf -droop controllercurves. Therefore, adaptive Pf -droop control methodologyshould be developed which considers battery agingcharacteristics. This will ensure Li-ion BESS to function withinits safe operating margins. It also provides the possibility toautomatically modify Li-ion BESS control settings andflexibility services provision capability based on batteryperformance and aging. In this paper, detailed analysis will beperformed on the cycling of real-life Li-ion BESS which isinstalled and operated in Finland in order to understand thecycle aging process when they provide services to FCR-Nmarkets. In addition, an enhanced, simple adaptive Pf -droopcontrol curve has been proposed by considering the effect of Li-ion battery aging. Effectiveness and the impact of the proposedadaptive droop control curves will be validated by means of casestudies
Keywords— Lithium-ion batteries; energy storage systems;adaptive droop control; battery aging;

I. INTRODUCTION
Tackling climate change issues has led to rapidlyincreasing penetration of renewable energy sources (RES) inpower systems. One of the major issues in RES integrationarises from their intermittency and various ways to mitigatethe variability forms a wide range of research topic.  BESSshave shown immense capability to address challenges arisingdue to the RES intermittency in the medium and low voltage(MV and LV) electricity distribution systems, particularitytheir ability in tendering multiple flexibility / technicalancillary services such as voltage and frequency regulation,black start, load levelling and peak shaving [1].Recently, Li-ion BESSs have become the forefront choicefor utilization in land based grid support applications, byacting as a flexible energy resource (FER) which is capableof providing multiple flexibility services in the distributionsystem [2]. Most particularly, their appropriate role in shortterm frequency control applications. In order to enablesmooth operation of BESSs in the distribution networks forFCR-N/FCR-D applications, well-co-ordinated automaticBESS controls have to be established in the form of activenetwork management (ANM) schemes. ANM controlschemes are typically used to manage voltage or thermallimits related congestion in the distribution network by

utilising existing FER, like BESS or RES, reactive and activepower (Q and P) control capabilities together withcoordinated control of other options such as transformer on-load-tap-changers [3].In order to extract FCR-N related services, typical activepower-frequency (Pf-) droop based controllers (Fig.1) areoften used for Li-ion BESS control [4]. Various types ofdroop controllers have been proposed in the existing literatureconsidering Li-ion BESSs as a solution for system-widefrequency control as well as local distribution networkvoltage control. Decentralised adaptive droop controltracking the variable virtual resistance was utilised for theBESSs in [5], with the capability of managing bus voltageand load power dispatch keeping the BESS state of charge(SOC) in balance.Dynamic SOC balance control strategy with an adaptivedroop control relying on SOC of the ESSs was established in[6]. Adaptive droop controller for fuel cell-BESS hybridenergy storage system (ESS) was proposed in [7] to minimisethe BESS utilisation for frequency support application. Theproposed droop controller was for the hybrid ESS as a whole,considering the fuel cell as the primary source, which iscomplemented by the BESSs, which leads to the decreasedcycling and increased lifetime of BESSs. In [8],variable/adaptive incremental cost-voltage droop controllerswere proposed based in order to reduce the total batterydegradation cost in islanded DC microgrids.Performance of Li-ion BESSs are affected by variousparameters such as depth of discharge, SOC, temperature andaging [9]. Further, performance degradation due to aging,mainly leads to change in battery capacity and their peakpower capability. Changes in the peak power capability leadsto reduced peak power outputs from Li-ion BESSs, which hasnot been considered previously in the available droopcontroller design based literature. Failure to do so mightaccelerate the overall aging process and may lead to fatalitydue to internal short circuits, especially when expected peakpower can no longer be offered by the Li-ion BESSs, whichshall happen particularly when the battery is nearing its endof life.

Fig 1. Tyspical pf droop curve for BESS participation in FCR-N market
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One of the objectives of this study will be to analyse theimpact of load requirements due to FCR-N services on the Li-ion BESS in Finland, mainly in terms understanding theircycling pattern that leads to battery degradation.  Followedby proposing an adaptive Pf- droop curve, which enablestracking changes in their aging by including the peak powerdispatch capability, by keeping power dispatch within its safeoperating limits. Therefore, in this paper,1. Field measurements of Li-ion BESS usage for FCR-Napplication are used to understand cycling depth andtotal number of cycles used by means of rainflowcounting algorithm [10]2. Aging model is based on the details provided bymanufacturer’s datasheet, which describes cyclingdegradation characteristics of the Li-ion battery atdifferent depth of discharge (DODs)3. Based on the cycling characteristics of Li-ion BESS inthe field and peak power capability decrease due toaging in the battery cells, simple adaptive droopcurves have been proposed for better utilisation of Li-ion BESSs for FCR-N and FCR-D applications andthe impact such curves on Li-ion BESS operations areanalysed
II. BATTERY FIELD CYCLING ANALYSIS

Battery cell accelerated aging tests in the laboratory aregenerally performed at higher temperatures and fullequivalent cycles of charging and discharging at differentcurrent rates in order to observe aging parameters such asinternal resistance and capacity loss [11]. However, whenutilised in the field, Li-ion BESSs have different depths ofdischarges at different cycling depths, typically most of thecycle being micro-cycles (very low DODs). In that case, itbecomes difficult to predict the Li-ion BESS agingcharacteristics in the field. Fig. 2 represents the SOCvariations of Li-ion BESSs installed in Finland, when utilisedfor FCR-N services. It can be observed that the cyclingcharacteristics are highly uneven constituting mainly ofmicro-cycles with very low depths of discharges. Based onthe literature, rainflow counting technique [12], which ismainly used in reliability analysis provides an accurateestimate of the overall number of cycles at different DODs,thereby providing an avenue to understand the amount ofdegradation a particular type of battery has undergone in thefield usage.Fig. 3 shows the results from the rainflow countingalgorithms unpacking the information on the cyclingcharacteristics shown in Fig 2. Therefore, from the results,information on total number of micro-cycles, their DODs andoccurrences at which particular SOCs shall be gathered.Based on the observation of the results, it is evident that whenLi-ion BESSs are utilised for FCR-N application very high

number of micro-cycles at low DODs are prevalent. Hence,tracking them is of utmost importance due to its contributionto battery aging.

Fig 3. Rainflow counting results on field SOC characteristics
III. BATTERY AGING CHARACTERISATION

Lithium-ion batteries suffer performance degradation dueto aging caused by phenomena  such as loss of active lithiumions and other active materials, growth of solid electrolyteinterface (SEI) layer etc., which in turn are a result ofcalendric and cyclic aging [13], [14] of the battery cells.These aging processes are affected by battery operatingconditions such as temperature, depth of discharge and themagnitude of charge/discharge current (C-rate).The battery systems when utilised for grid applications aretypically installed in an air-conditioning environment, whichregulates ambient temperature at pre-defined levels. Hence,temperature as a factor for aging shall be considered constantin this study. However, the power/energy requirements fromLi-ion BESSs for FCR-N operations do not follow a steadypattern and is highly variable based on multiple factors suchas network parameters, RES intermittency etc. The range ofpower/energy requirements that Li-ion BESSs can supportover a period of time shall  vary based on their agingcharacteristics. Controlling the charge or discharge ratewithin its maximum allowed power/energy capability of Li-ion BESSs based on the aging of Li-ion batteries forms animportant factor in their planning and utilisation, as they leadto efficient operations within the safe operating regions at alltimes.Fig. 4 shows the aging characterisation of Li-ion BESSsfrom the manufacturer’s datasheet utilised in Finland forFCR-N applications. Data from Fig.4 provides us with thenumber of cycles the battery can support at different DOD’s(0 to 100%). The usable capacity (ܣܥ ஻ܲாௌௌ ) is calculatedfrom (1), which is just the difference between the batterycapacity at beginning of its life (ܣܥ ஻ܲை௅) and its end of life(ܣܥ ாܲை௅). From both of these information, capacity lost percycle at different DODs (ܣܥ ௅ܲைௌௌ ஽ை஽ ) can be calculatedfrom (2). The cumulative loss of battery capacity(ܣܥ ௅ܲைௌௌ ஼௎ெ௎௅஺்ூ௏ா) when cycled in the field is caused dueto different cycle depth. The information on total number ofcycles at different DODs is obtained from the result of usingrainflow-counting algorithm in previous section. Therefore,

Fig 2. Measured real-life BESS SOC behaviour when utilised for FCR-N frequency control markets



Fig 4. Battery aging curve from manufacturer's datasheet based on DoD
ܣܥ ௅ܲைௌௌ ஼௎ெ௎௅஺்ூ௏ா  is calculated from (3) where
஽ܰை஽೙represents number of battery charge/discharge cyclesat DOD, n. The remaining battery capacity is then calculatedby (4). However, the parameter of interest for designingadaptive droop curves is the peak power capability ௉ܲா஺௄of the battery. State of health (SOH), which gives indicationon the evolving ௉ܲா஺௄ of the Li-ion BESS is calculated by(5). ௉ܲா஺௄  is calculated by (6), where it’s a function of
௉ܲா஺௄ ஻ை௅ corresponds to the Li-ion BESS active power peakduring their beginning of life (BOL) and SOH. ௉ܲா஺௄ ஻ை௅ isobtained from manufacturer’s datasheet. Both calculated
௉ܲா஺௄ and ௉ܲா஺௄ ஻ை௅ considered in this study corresponds tothe peak power of the battery at 100% SOC. By this means,SOH shall form an input for the Li-ion BESS control loopdesign for their adaptive control considering agingcharacteristics. It has to be noted that the ௉ܲா஺௄  at variousinstances of aging is not a electrochemical hard limit on theLi-ion BESSs, i.e. at SOH of 80%, the batteries are stillcapable of dispatching peak power at SOH 100%, however,this may accelerate aging to higher magnitudes and may posesignificant safely challenges in the long run. Such challengescan be verified by further experimental studies alone.

IV. PROPOSED DROOP CURVE
Conventional droop control techniques help in managing theoutput power of an inverter based distributed energyresources (DERs) by local measurement of power systemparameters such as current, voltage, frequency, etc. [15].Based on these measurements, the output power (active and

reactive power, P and Q) of DERs are dispatched by meansof droop curves, as depicted in Fig. 1. It is very similar to theoperation of conventional generators. Conventional droopcurves are designed based on (7), where the requiredfrequency, ݂, is a function of ଴݂, rated frequency of the DER,droop constant ௣ܭ , DER rated power ଴ܲ  and DER powerdispatch ܲ. The value of ,௣ which decides the slope of thedroop controller is as shown in (8), is a function of differencebetween desired and measured frequenciesܭ ∆݂  andmaximum active power ௠ܲ௔௫  of the DER. Li-ion BESSenables bi- directional power flow by means of charging anddischarging characteristics. It has to be observed that the peakpower ( ௉ܲா஺௄) during both charging and discharging powersare affected due the capacity fade of battery systems withaging, i.e. their state of health (SOH). Hence, this propertyneeds to be integrated in the droop controllers making themadaptive in nature. The slope of the adaptive droop controllerwill be facilitated by (8), which is a function of ∆݂ and ௉ܲா஺௄(affected by SOH).The calculated value of ௉ܲா஺௄ ,  being a function of SOH,thereby provides the way to introduce Li-ion BESS aging

Fig 5. Proposed adaptive droop controller
Table I. Li-ion BESS Peak Power CalculationsSOH (%) Peak Power (kW)100 30090 27080 24070 210
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characteristics to be included in the adaptive droop controllercurve design for battery systems. ௉ܲா஺௄of the Li-ion BESS atdifferent SOH is represented in Table I, whose values arecalculated based on (6). These values are then utilised todevelop adaptive droop control mentioned in Fig. 5,providing inputs of changing peak power capability of thebattery system.  The proposed adaptive droop controller,whose droop curve slopes are dependent on equation (9),providing a range of power dispatch considering batteryaging. Fig. 5 represents the droop curves at different SOHlevels for both charging and discharging operations of the Li-ion BESS, whose peak power charge/discharge decreaseswith aging characteristics.  Evolution of ௉ܲா஺௄  with aginghas been represented in Fig. 5,  thereby, embedding adaptivedroop characteristics for Li-ion BESS control in ordermaintain the power dispatch within the allowable limitsdictated by the battery’s SOH at all times. Following sectionexplains the design of controller for Li-ion BESS includingthe proposed droop curve.
V. CASE STUDY

To understand the effectiveness and impact of the adaptivedroop curves proposed in section V, case study is conductedon an installed Li-ion BESS in Finland. The specification ofthe battery system is shown in Table II, whose functionalityincludes Pf- control for FCR-N operation despite supportingother applications. Based on the data sheet information, thepeak power supported by this battery system is about 300 kWin the BOL conditions. It is also stated that the EOLconditions are attained when its capacity is reduced by 30%,which provides the peak power calculation to be about 210

kW. Two sub-cases are further considered, where the firstsub- case considers the Li-ion BESS which is at its BOL andthe second sub-case depicts the operation of Li-ion BESStowards its EOF.
Table II. Lithium-ion Battery CharacteristicsNominal DC voltage 700 VPeak Voltage 790 VCut-off Voltage 588 VNominal Power ~100 kW
A. Sub-case 1: Li-ion BESS at BOL

The characteristics of the installed Li-ion BESS is shownin Table II, which is designed for a continuous nominal powerof 100 kW with peak support upto 300 kW (pulsed in nature).In this sub-case, the battery is considered at its BOL. One ofthe purposes of this Li-ion BESS is to provide FCR-N relatedservices, i.e. to stabilize the grid frequency within thelimitations specified by grid codes. The field measurementsof the grid frequency for three months, .i.e. Dec-2019 to Feb-2020 within the ranges mentioned in Table I is shown in Fig.6. The active power dispatched by the Li-ion BESS in orderto mitigate frequency fluctuation by means of providingFCR-N  operations are shown in Fig. 7. They are based on thedroop control curve depicted in blue in Fig. 5, whichcorresponds the BOL characteristics. It is evident that therange of frequency fluctuations has been predominantlybetween 49.9 Hz to 50.1 Hz and the active power dispatch inthe Li-ion BESS has been upto the maximum of 300 kW, bymeans of Pf- droop curve shown in Fig. 1, whose 100%power corresponds to 300 kW. Therefore, the basic non-adaptive droop curve is able to support all the battery-

Fig 6. Power System Frequency

Fig 7. FCR-N supported by Li-ion BESS during BOL

Fig 8. Li-ion BESS power dispatch for FCR-N during BOL



required operations at its BOL, whicxh corresponds to theblue line in Fig. 5.
B. Sub-case 2: Li-ion BESS at EOL

Degradation of Li-ion BESSs is a serious concern,particularly when it will be utilized for FCR-N purposes, dueto their mission profiles, which seek high powercharge/discharge in a shorter span of time, evident from thefield data characteristics. The SOH calculation of the Li-ionBESS due to its cycling, its relative capacity loss andsubsequently the changes in their peak power capability hasbeen explained in section III. Therefore, to avoid overcharging/discharging and to maintain the Li-ion BESSs peakpower discharge always within peak power capability at alltimes, an adaptive droop curves have been designed(section’s IV and V). This sub-case has been performed tounderstand the impacts of the changing Li-ion BESScharacteristics (predominantly its peak power characteristics)with respect to aging.In the previous sub-case where new Li-ion BESS wasutilized FCR-N application, it has been observed that thebattery dispatch power reaches its peak limit of 300 kW (Fig.7). During the Li-ion BESSs BOL all FCR-N loads weresupported. In this sub-case, we consider the same Li-ionBESS towards its EOF, i.e. capacity of the battery hasreduced by 30% of its initial value and that of its reduction inpeak power characteristics.However, based on the proposed SOH sensitive adaptivedroop curves, it is evident that the peak power discharge islimited to about 210 kW for the installed Li-ion BESS systemtowards its EOF. The droop curve dictating Li-ion BESSpower flow under these circumstances corresponds to violetcolored line in Fig. 5. Hence, the frequency ranges supportedfor FCR-N operations by BESS towards its EOF, when theproposed adaptive curve is used, is as shown in Fig. 8. Thecorresponding Li-ion BESS charge/discharge power dispatchis shown in Fig. 9, whose characteristics are different,compared to the battery in its BOL. The charge/dischargepower ranges more than 210 kW were not supported, therebysafeguarding the battery operations within their thresholdoperational limits. Further, it can be observed that the FCR-N operations seeking more than 210 kW power has not beenentertained by the droop curve.
VI. CONCLUSION

Integrating battery-aging characteristics in the control andplanning of Li-ion BESSs for grid applications improvesoverall utilisation of batteries and helps maintain theiroperations within the safe operating regions. Control of theseLi-ion BESSs for FCR-N operation are generally defined bytypical Pf- droop curves as in Fig. 1. However, the Li-ionbattery degradation characteristics tend to reduce the peakpower charge/discharge capability of the BESS. To addressthis issue, an adaptive droop curve has been proposed whichmodifies the Li-ion BESSs peak active power capabilitybased on its SOH. The impact of such adaptive droop curveswere analysed by means of case studies and it has beenestablished that, as the battery ages, it is advised to omitcertain range of FCR-N services (preferably high powercharge/discharge operation) keeping the battery safety incheck. Thereby, solving the problem of managing the batterycharge/discharge operations always within the threshold of

their peak active power performance. In order to reduce thecomputational requirements of counting the cycles of batteryusage by means of rainflow counting technique(section III),this task shall be performed periodically (say for e.g. 30 daysinterval) rather than in real time, as the battery degradation isa slow process and update its corresponding peak powercharacteristics in the battery inverter control settings.
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