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Abstract— Batteries in transmission grids can provide
ancillary network services, such asprimary frequency
response, voltage control in network nodes or back up
power. The Battery Energy Storage Systems (BESS) is often
the most limiting factor within their more extensive usage
for the frequency control. Because of this it is necessary to
adjust the system charging SoC and the performance of
battery systems so that they fulfil the same requirements as
those ones which are applied in case of conventional
providers of primary frequency control. This article says
mor e about the possibilities of using and stability of battery
systems and their ability to be apart of the ancillary
services providers.
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|. INTRODUCTION

consumption of electric energy has to be in balat@ny
time. This balance is guaranteed by an effective goow
controller (resp. rotation speed) of the machirmvigling
PpS. The frequency corrector of the ASDR turbingptla
the effective power of the machine providing Pp}s [2

These control schemes also have to be able to handle
contingencies, such as the failure of a plant erahtage
of the control block. If there is a power mismatsystem
frequencyf will change: with an increasing production,
the performance will decrease or with a decreasing
frequency the performance of generators will behdig
The inertia of the rotating mass in generators ésfithe
rate of frequency change when a power mismatch is
present and it also prevents the system frequermy f
making sudden jumps.

In the European electricity transmission grid, three

The share of the primary control performance mlevels of control are being used:
Slovak Republic within the common transmission grid 1) Primary Control, a distributed control schematth

ENT.SO'E IS +29 MW [1]. Acc.ording. to the technical yiyijes the performance of generators proportigntd|
requirements of the transmission grid operator (TSO), 4 frequency deviation from the nominal system

SEPS the maximum share of the primary contro}

performance purchase (PRV) from abroad is 30 %

requency.

[2]- 2) Secondary Control which has a central controller

The share of PRV +8 MW represents an import ffoMaening the balance of the electric system of Hova
neighbouring transmission grids. The primary CdntroRepuinc and the ES frequency to nominal values.

performance in Slovakia is provided by two blockshe

nuclear power plant Mochovce. Block 3 and blockf4 o
the nuclear power plant Mochovce are being cedtifie

3) Tertiary Control, which is activated manually — a
centrally coordinated system service, which aims to
support a reserve for a secondary performance alontr

thg moment. Block 5 and block 6 of the thermal ,pla”SimiIar schemes are used practically in all majower
Vojany, steam-gas power plant Energochem Svit anGrids.

some generators of hydroelectric plant Glbvo.
Considering the fast of a stabile delivery of thamary
control performance it

Bohunice or steam-gas power plant

becomes more and mor
problematic to be able to replace some blocks efgoo
plants, for example the nuclear power plant Jakkvs

Above control scheme is able to guarantee secanitly
reliability of the European grid. When consideritige

?ncreasing share of renewable generation, it wi#l b

necessary to rethink the adequateness of powetsyian
primary control reserves. There are two issues:

Malzenice. 1) Power plants participating in the Primary cohtro

Furthermore, due to a performance reservation a“rﬁiave currently up to 30 sec. to react to a frequenc
providing of PRV, the lifetime of generators deses deviation. The inertia deviation of the PRV is lgin

Within the European transmission system ENTSO-E, th
pressure to create a common market with primaryrabn
energy is increasing what also would have an impact

the financial effectiveness if traditional rotaryits for
the PRV are used.
In any electric power
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system, production and

Evaluated by the operator every 30 minutes. Renlewab
energy sources have usually low or no rotationattia

as they are coupled to the grid by converters. Her t
share is increasing, the inertia within the grideduced

and the frequency will drop faster after an outdgés

also assumed that faster ramp rates of generators
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providing the Primary Control lead to lower frequgn the nominal system frequency. In the continental
deviations [3]. European grid, the dead-band is within + 10 mHzhef t
2) Assume we have a system with a very high shfare mominal frequency (50 Hz). In the Quadalov [5] and
renewable generation. Conventional power plantgigeo Mercier [6] strategy the battery is recharged or
ancillary service, even though enough energy islywed  discharged while the system frequency is withineadd
from renewable sources what could also partialiwjgle  band. Outside of the dead-band, the performandanfsl
the control power. This contradicts the aim of anthe system frequency adjustment at the required SoC
economic dispatch and of reduction of carbon-diexid values. Under this approach, the battery providestty
emissions. Power plants providing frequency controthe expected response when the system frequency
usually have lower efficiency than load units rurtniat  diverges from the nominal value which could me&at t
optimal performance [4]. in some limit cases the limits Sgf S0G..x might not
Ancillary service signal is not <+ 10mHz over any be kept. Qudalov [5] shows that SoC stays withinit§
time period. The batteries therefore have eitherhtarge for a one-month period on the historic data.
or discharge for a prolonged time period and soaget Online recharging Recently, two strategies relying on
charging balance of SoC. It is important to choase online balance of the required SoC values weresptes.
appropriate recharge strategy which guaranteesthigat Borsche [7] and Megel et al. [8] consider an offset
storage system BESS is able to follow the ancillanadjustment of dynamics in order to guarantee praper
services signal at any time. This strategy is diseds reliable provision of the PRV service. Regulatory
more in Section 3. frameworks are not definite in this respect for the
In this article we focus on storage system andequired PRV, but there is a fact used, that theepo
possibilities to keep the charging level in theiropt SoC  plants are allowed to make changes in their scleeiful
at the time when the system is active while usinghey are known to the Transmission System Operator
deviations of required and real primary controlappd (TSO).
by the operator. With a data analysis in CW 37/2@&2 Megele et al. [8] propose set-point adjustments
wanted to prove that the strategy of keeping the BESwhenever the battery reaches specific SoC leveie T
system stability is appropriate. We have compatedl t set-point adjustments have ramps with a limitegeland
weekly development of SoC at balancing the chargingime-delay to allow an offset energy from an alégire
level on a maximum level aside from the serviceligua source within one balance group. A problem withirs t
of the primary control at first place. This strategy strategy is that the SoC measurements are far éant
appropriate if the PRV provider is a part of a leigg and the non-linear behaviour is close to the Sottdi
balance group or is able to stabilize the battérgrging The approach from Theodor Borsche [7] is similarras i
level by a separate section. Then we have limited thcase of thenline chargingstrategy, but it uses a moving
values of the charging level Frame of Charge (FoCaverage to recharge the battery and to adjustofesek
Frame of Discharge (FoD) so that the qualityduring charging and discharging. R' is the power
requirements of PRV are kept. requested by the Primary Control, which is computed
This article is organized as follows: in Section 2,using the system frequenaf andSis the frequency
several recharge algorithms are discussed. Weiaxpla  corrector statics then:
used algorithm in more detail. In Section 3, thgoathm
is used to identify critical points within the sitation p= _lAf . Q)
process. S

bat ; H .
Il STRATEGIES TOK EEPCHARGING L EVEL The battery outpu®® is then adjusted by an off<et"

In the past various recharge strategies for the BESS off (1c + :1 S ossy _plfi 2
have been discussed. An overview is given in falhgw P™ (k+d) a Z(p () =P(i) @)

j=k-a
paragraphs. bat J L of
Scheduled rechargingkunich [4] describes a pilot P =P +P7. ®)
project for a battery providing frequency controt fan Parametea defines the averaging period. Increasing of

islanded system “"West-Berlin". From the experiencey reduces the ramp rate of the offset and thus aher
gained in the project they proposed a rechargimgeth rate required by the service providing the recharge
times a week during low-load hours (at these tithes energy. Parametet is a delay, which might be useful if
battery does not provide PRV). Another pilot projec the power is bought at an intra-day market. Theatdei
presented by Swierczynski [9] utilizes the factttim pl°ss represents the losses of the battery which can be
Denmark separate bids for positive and negativend&§  measured or predicated.
Control reserves can be placed. Charging within active points

Only positive reserves are offered and recharg®g i The charging strategy within active points is based
done when the system frequency exceeds the SoG.limi gn assumption that the time is used effectively e

Deadband recharging.Primary frequency control system is active and the dead-band;ef10 mHz was
reserve is usually activated outside of a dead-laodnd
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not exceeded. By using an approved deviation or the Ill. SIMULATION

required and real performance we can keep the &vel  The BESS model for Slovakian transmission grid is
Socninlsoqnax in defined limits. _SL_'Ch schema reducespased on the weekly analysis of the system frequemc
Iosse; which are developed within balancing the Sognalyse the influence of the battery on the primary
level in the dead-band, because the frequency e@m8e fraquency control. In Fig. 1, there is a flowchaftthe

show the biggest losses when they have a lowoposed algorithm of the positive or negative
performance. Furthermore, within our simulation, Weperformance balance.

have concentrated on keeping the SoC within thweact T keep theSoC system BESS we decided for a
points @F) provided that this does not mean a bigeontrolling network. After the first 15 minutes dffie
reduction of battery capacities. _ PRV providing we suppose an activation of the sdaon

In the considered model, we decided for the contro,lrequency control (SRV) and a capacity deviation by

battery performance +2 MW (within the simulatioh 0 5q 04 or moreSoC will be balanced within next 15
ancillary services). From the formulation of the piqutes.

maximum possible deviation defined by TSO it result
that the difference between the real and requeste SR> Pt
performance considering the size of the source lm@n
defined as follows:

AP,., < 005% (PRR) , 4) w3

AR, <02 . (5) \
Within a real operation, a deviation due to thet uni < G <D; @ F

Zpdm < ipmmif )
= =

1k 5, (%3 t
DTAR) < AR Y AR >D AR "
=, = t=t, = Z‘\‘K” Z:\Rf)

noise at a high performance of blocks represent2xéo
around the stator correction curve. In our simafative
consideredAPsry< 0,2. This means that a maximum
absolute deviation defining the charging/ dischaggi
performanceFoC, FoD may not exceed this value but e
must be high enough to keep the charging levehef t
battery system within limits.

ik
> P
t,k EH
[ Prareer(t)t
FoC = |t& (6) Fig. 1. Flowchart of algorithm balancing on 508%C
AFaVg
t,k
j P(t)dt
FoC<02 A=FoC="%
A avg
tk tok
y P(t)dt
[ Praccer el o
FoD = [ ™ #F.,
AF,, 8 g
C= z PREAL (ODOD) (t) = Z PTARGET (ODOD) (t)
t=1 t=1
D=P Hdt=3 P)dt-P t
FoD< 072 AB(DOD)( ) ; ( ) ; REAL(DOD)( )
ty tn
t0 (l;900>[s], tON (8) E = 2, Pren oon (V) = Zi Prarcer (oon) (1)
During the whole simulation the system mustnt be F=Pas o0on (t)dt=Zn:P(t)dt-Z":PREAL(ODOD) ®)

t=1 t=1

completely discharged SoC=0% or full charged " ” ” w

SoC =100 %. It is very important to define a batsize  G=2P()= ZRARGEmOD(t)—ZPTARGE,DDOE(O}{ZPAE{ODO&(O+ Prapon
which is able to keep the capacity a balance Sofatw o o

we cannot influence within the simulation of thdioa

charging is the number of active points where tESS8 As the batteries provide a control performance when
performance can be changed. We consider a long-terthe frequency exceeds the dead bardt+ 10 mHz, also
prediction of the number of no-zero active poiiE,q the performance needed to balance the capacitybeill

activated outside of this band. The time of theteys

DAF - f(AF) >7 ©) discharging/ charging is calleflF (Active Framework).
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Every following 15 minutes we will

deliver the

The implementation of the algorithm for tHe@oC

performance unitFoC (Frame of Charge) or consume balance defined byPe,(t)=Paqt)+Pwp(t)£Psodt) causes

FoD (Frame of Discharge) to get tt®oC balance by
50 % as follows:

Pou(t) = Pas(t) £ Psodt) -

The total capacityPe,{t) is a sum of thePadt)
(Ancillary Service), working point signal BESB(t)
(Working Point) and state of charBeodt).

Pou(t) = Pas(t) + Ryp(t) £ Po(t)

Within next 15 minutes of control in eackF we
deliver/ consume a uni#oC/FoD to the required control

(10

(11)

that the performance suppBsoc consisting of either
chargingFoC or discharging-oD has an impact on the
absolute value of the battery system cycles. Tabs. |
and Il. present a change of the discharge deviddoD
and a respective increasing of capacity loss. Amuah
capacity loss increased by 1.1 % is trivial if vemsider a
not exact measurement and other factors havingenéle

of BESS capacity losses.

TABLE II.
LOSSES IF THECONTROL ALGORITHM AFAVG ISFIX

performance assumed that: Center SOC SOC Swing Mmro\:{:gis per Capacity loss [%)
K t 0.01 <2% 18426 0.02701
n n
0.03 2~4% 8162 0.02175
ZAFt >ZAFt : (12) 0.05 4~6% 0 0.00065
t=1 t=1 0.07 6~8% 4345 0.03234
If AF in timet= (901 s,1800 s) is lower as within the —>% 8710% 1146 0.01517
. . 0 0.125 10~15% 217 0.00564
previous mterva_l the state of charge by 50 % was n (173 To~20% o7 0.00271
reached. The difference between the gl (MWh) 0.25 20~30% 11 0.00055
and target performancePrarcer (MWh) is then 0.35 30~40% 1 0.00013
recalculated to the target delivered/ consume(— 22 :gngj : :
performance within next 15 minutes as follows: 0.65 S0~70% 0 0
Lk i 0.75 70~80% 0 0
Y AR(t)dt=> AF(t)dt (13) 0.89 B0m90% g g
0.95 90~100% 0 0
t=1 t=1
Total capacity loss per week [%] 0.10596
tk ty Total capacity loss per year [%] 5.93381
Ptk = IPTARGET(DOD)t - IPTARGET(ODOB)t
t=+ t=1 As we see in Fig. 2, within the analysed day So€
.\ TAP +TAP (14)  kept the limits when our model was used. During som
2, (opos ] T (oo 15 minutes intervals at the end of the day, thetiges

TABLE I.
LOSSES IF THECONTROL ALGORITHM AF ISNOT IMPLEMENTED
. Microcycles per
Center SOC SOC Swing Capacity loss [%]
week
0.01 <2% 17664 0.02137
0.03 2~4% 8162 0.01802
0.05 4~6% 349 0.00118
0.07 6~8% 4345 0.02681
0.09 8~10% 1146 0.01290
0.125 10~15% 217 0.00421
0.175 15~20% 67 0.00189
0.25 20~30% 11 0.00054
0.35 30~40% 1 0.00008
0.45 40~50% 0 0
0.55 50~60% 0 0
0.65 60~70% 0 0
0.75 70~80% 0 0
0.85 80~90% 0 0
0.95 90~100% 0 0
Total capacity loss per week [%] 0.08702
Total capacity loss per year [%] 4.87363
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deviation of the system frequency caused that the
batteries were being charged, the system did n&ernita
within active points AF to reduce tli8Cso the batteries
were charged on a level of 91,99 %. Within therirdés

t, 91 a 92, nAAF were outside the dead band. During the
following intervals t 93 a 94 and with a high amount of
active points, the system provided a control penéorce
and the charging @doCcame back on 50 %.

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 88 92 96

——SoC without balancing ----SoC with balancing algorithms charge level

Fig. 2. Development ddoCon analysis day 13.09.2012.
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Fig. 3. 15-minutes values of delivered/ consumerigpmance and Fig

> . 7. 15-minutes intervals of delivered/ consdrperformance and
Active Framework.

Active Framework.

Active Frame of  Frame of Active Frame of Frame of
tn [s] [M\:,‘::I’Wh] EM:\:::\::V“] Fr:‘::vg:rk Framework  Charge Discharge SoC [%] tn [s] [waj;\:lﬁwh] [M\r;\?/dMD:\lh] Fr‘:‘::f:rk Framework Charge Discharge SoC [%]
[AF] [FoC] [FoD] [AF] [Foc] [FoD]
a0 0 284.803 302 67 1.607 0 57.943 18 0.289 110.468 198 437 0.341 0 46.94
g1 0 402.997 178 0 7.741 0 69.138 19 5.800 98.525 323 403 0.354 0 47.42
92 0 530.939 29 0 2178 0 83.886 20 0.000 119.557 262 414 0.412 0 46.68
93 77.600 56.314 292 435 0 0053 -50.591 21 0.289 211.028 290 329 0.529 0 44.15
94 15.493 73.423 403 448 0.145 0 51.609 22 =504 12:490 398 526 0000 --0.085: 5081
95 16805  100.025 400 430 0.302 0 52.312 25 17582 28:950 337 543 0.030 9 Adibs
9 b 55175 376 5 o b isss 24 31.381 71.949 284 474 0.134 0 48.87
Fig. 4. Balancing oBoCat the analysis day. Fig. 8. BalancingsoCduring the analysis day.
Pdod Podob Average Active Famenf  Fameof tn [s] Pod fodob Averaga Fla‘:nc:\‘nlteork F?r:reg:f ;.rfx; SoC [%]
tn [s] Framework  Charge Discharge SoC [%] [Mw/MWh] [MW/MWh]  Framework
[MW/MWh] [MW/MWh] Framework [AF] [FoC] [FoD]
[AF] [FoC] [FoD]

18 0.289 110.468 198 437 0.2 0 86.05

90 0 284.803 302 67 0.200 0 66.053 19 5.800 98.525 323 403 02 0 26.83

91 0 402.997 178 0 0.200 0 77.247 20 0.000 119.557 262 414 0.2 0 88.70

92 (] 530,939 89 0 0.200 0 91.995 21 0.289 211.028 290 329 0.2 0 92.94

93 77.600 56.314 292 435 0 0 89.782 22 41.504 12.490 398 626 0 0 89.92

94 15.493 73.423 403 448 0.145 0 51.609 23 17.542 28.990 337 649 0.040 0 5032

95 16.805 100.025 400 430 0.200 0 52312 4 31.381 71.949 284 474 0.134 0 51.13

96 0 335.179 276 12 0 0 61.556

Fig. 9. BalancingoCwith FoC, FoD limits.
Fig. 5. Balancing oSoCat the restricte&oC, FoD.

Figs. 10 and 11 present performance ufit<C/FoD

During the next analvsis dav and our model at Bi for a 30 minutes interval, where the balancing
9 y y /9. performance was limited in a way that the real

the BESS__system_wgs charged on a IeveI_of_ 92’93(% dlf)erformance matches the tolerance defined by the
to a positive deviations of frequency. Within thme tor

intervals } 2 to 21 the batteries were being charged)pera '

nearly fully from Py, Due to an unbalance of the
delivered and consumed performance t8eC was
balanced in the time interval t

100 el

22,93%
90 - Lo e Pt
. ; | 123456789 lblllé1314151&17191970)112132425167” 3940414 43 42 45 46 47 48
70
? a2 IMOAWAAIA Ab/\\v A Fig. 10. ValuesoC, FoD within two following 15 minutes intervals
0 for the analysed week.

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84 8 92 96

—SoC without balancing -~ SoC with balancing algorithms charge level

2434445 46 47 48

Fig. 6. Development ddoCon analysis day 09.09.2012.

Fig. 11. Value$-oC, FoD within two 15-minutes intervals in the
analysed week if algorithm for PRV quality is kept.
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CONCLUSION

In this article we analysed the strategies of usaige [1]
battery systems for primary frequency control. lasw
proved that keeping the limits &oCcan be explicitly
executed and there is no need to use external esurd3]
within the tolerance defined by the operator. The
algorithm we applied did not cause any early cdpaci
loss of BESS. During the simulation the limits of [4]
S0GiW/S0G.ax Were not exceeded. This analysis also
showed the advantages of battery systems and their
ability to ensure a frequency control under samegs]
conditions as guilty for conventional PRV providers
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