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ABSTRACT

This paper presents realme control strategies fopeak
shaving and voltage control provided by Battery
Energy Storage System in a low voltage griowo
performance indices, one fgreak shavingand one for
voltage control, are proposed to quantify the tesuhe
strategies are compareavith a benchmark which is
calculated as an ex post optimization that solves the
control problem together with th@zingproblem.First, a
rule-based strategyor peak shavings presentedvhich
only injects active powerAfterwards, the strategy is
extended withvoltage control through reactive powe
injection In the latter case,an optimization problem is
solvedat eachtime stepto decide at which rate active
and reactive poweshould benjected.

I INTRODUCTION

In the last decade, a significant growth in the amount of
distributed generation has taken placé& substantial
fraction of this electricity is produced the distribution
grid, by locally installed PM1,2]. The residentiallow
voltage grid, which was origingll designed for Otep
down® electricitgupply, poseslimits to the increasing
penetration of PV. Overloading of grid components,
especially transformersand voltage deviations outside
acceptable margins are considered unfavourable
consequenceld]. Besides grid reinforcements, a number
of mitigationtechniquesaresuggestedn literature[3]. In
this paper aBattery Energy Storage System (BESS)
used TheBESSconsidered in this papepnsists of a Li
ion battery, a Ddink and a threghase inverter. The
BESSis capable otontrolling active and reactive power
in each ofthe three phasesdependently

A theoreticaly optimal BESScontrol strategy4] for the
overloading and voltage dation problem provides the
starting point for this work. Thenethod presented by
Tant et al.[4] solves the control problem and thizing
problem simultaneously with a multiobjective optimi
zation method. The results apeesented as a traaéf
betweenvoltage contrglpeak shavingand annual cost.

In this paperreattime strategies are developé&a pursue
the voltage control angeak shavinggoals. Reattime
control implies an instant control decisiaheverytime
stepin absence of completenowledge of future events
The realtime strategy performance is therefore lower
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than the performance of the optimal strategy, which is
based omaccurateknowledge of events over the whole
evaluation period. The ealtime strategiesare bench
marked with the optimal strategy to assess ithe
performance.

In sectionll, a model for the low voltage grid with BESS
support is set up. A possible future scenaiio a
residential areawith 60% penetration of PV is
considered. In section 1ll, performance indices are
proposed for the peakhaving goal and the voltage
control goal. In the last two sections, réiate strategies

to control the BESS power output are proposgttion

IV focusesprimarily on minimizing the peak shaving
index The BESS is controlledvith a rulebased strategy
using active poweonly. In section \ voltage control is
additionally considered. The BESS deploys active and
reactive power to influence the voltage. This complicates
the problem andtherefore the rulebased slution is
replaced by an optimization problem in evérge step

II. MODEL FOR A LOW VOLTAGE GRID
WITH A BESS

The low voltage grid irFigure 1 is based upon previous
work [4]. The parametersf the substationtransformer,
feeder cablesand connection cablese listed inmasLe 1.

The future scenario implies a large amount of PV. 60 %
of the 62 households have PWith a capacity of 5 kWp
installed. These are indicated @douredhouses irFigure

1. They ardocatedat the end of the feeder lines, because
this represents avorstcase scenario. The households
have a singlphase connection andare equally
distributedamong the three phas. The PV poduction
profilesused,are measured atrooftop PV installatiorof

KU Leuven in 2008. Load profiles are residential profiles
based on measurements of active power consumption by
two Flemish distribution grid operatorén 2008. These
measuredgrofiles have been transformed to construct an
untraceable set afata, whichis statistically equivalent to
the original sef5]. Use of these profileassumes ainity
power factor and a voltageindependent power
consumptionin everytime step The BESS is connected
to node OAQD fure1, because injection at this node has
the largest impact on voltage contfd]. Characterizing
parameters and the equations the BESSmodel are
presented by Tant et §4]. A BackwardForwardSweep
algorithm[6] is used to calculate voltage profiles



CIRED

22dInternational Conference on Electricity Distribution Stockholm, 18 June 2013

Papen116
om 100m R 4u T T T T
i 41
eHouseho\d, no PV A A 538' .......................... T 4
#& Household, 5 kwp PV A& aan S
e A A A A A
PP 5286 U4 444 ¢ =
éé é éé é IRV NN 3 361 B AR
Ghaaad 4a &y aal E e : ;
[ | | L ) \\n Real-Time:
s bdada 4 dbid RS Tirengg o mproved Stetegy
? @ @ @ @ f': 9 Ex Post:
o : Optimal Strat
é & gl - ptimal Strategy
Figurel: Schematigepresentation of the low voltage grid
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Ill. OPTIMAL STRATEGY

A strategy defines the activé,, and reactiveBESS
power,! ['# in every timestepThe performance of the
delivered BESS services ggantified using performance
indices[4]. The totalaggregatecapparent power in the
grid attime steg and in phasé is given by:

#houses

= =P ol +

W = Pe,.

h=1

For every day, the maximum apparent power peak is
determined over all phases andtatie steg. The index

for peak shavings defined as the rmalue of these daily

maximalpeaks

! days

"l |2
1

max |! I

k € time steps_in_day(d)
p € {1,2,3}
I I"#$
The index for voltage contra$ defined as the rmgalue
of the daily maximal voltage deviations from the setpoint
Upom = 230 V:

Speak _

rms

#days | peak | _
Zd:l k € time srtrell?s)_(in_day(d)( pkh Unom)
p € {1,2,3}
A Upeak _ h ElKrus%g
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Bothindicesare to beminimized. Moreoverfeyareused
to compare thg@erformanceof all strategies that control
the BES®active and reactivpower exchangé’};‘g and

i. Additionally, the annual cost of a strategy is
calculated with the cost calculatioms Tant et al.[4]
and[7]. The optimal strategyis determinedwith the
weighted multiobjective optimization method gf], by
using the performance indices directly as objective
functions that need to be minimize@ihe optimal streegy
is represented by a aReteoptimal tradeoff curve
between the two performance indice®r a given
maximumannual costThe algorithm also determines the
optimal dimensions of battery and invertevhich are
limited by the maximum allowed annual cost.

TABLE 1: GRID COMPONENTS[4]

Impedance at 45 i{C
0.206 +j0.248 "/km
1.830 +j0.278 "/km
0.013 +j0.038 p.u.

Type
Feeder cable EAXVB 1 kV 4x150 mm!
User cable EXVB 1 kV 4x10 mm!
Transformer 10 kV/400 V 250 kVA
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V. REAL -TIME
SHAVING

The first approach for a redalme strategy uses only
active power injection through the BESS. The goal is to
reduce the index for peak shaving as much as possible
for limited annual costs.

Because the performance indices cannot be used directly
in realtime straggies, some degrees of freedom are
introduced. These degrees of freedoin.,,. and

I"# .4q, are finetuned to attempt to minimize the
performance indices over géhwhole evaluation period.
Thefirst, ! .., indicates the level of peak powtiat is

tolerated.In every phasehe BESSuses active power to
reduce aggregate power peaks larger thap,. and

ignorespeakssmaller than! ,.,,... The second,# ,..q.,

denotes the Statef-Charge(SoC) of the battery at 6 am
every day.

A first basic controller uses a staltig# .5 of 50 % and

I gy OF 1 11/+11 KW, based on the benchmark solution.

Whenever the aggregate load falls outsidel dfl/+11
kW, the load profile peaks are eoff and balanced as
good as possible, through thexchange of activpower
with the BESS.

The 60 % penetration levelf the future scenariteads to
significant negative peaks in power demardképendent
on varying sun and cloud conditionidsing the static cut

off level like the basic controller, the BESS cannot cope
with this volatile power profile. The irregular power
demand complicates improving the peak shaving index:
the battery will run empty or full befofg@ighestpeaks of
the day vill be seen In order to improve battery
management, a dynamic eoff level ! ., Is

proposed. This dato-day varying value is determined
using dayahead swpredictions from the Belgian
Pedological ServicgB]. The predicted amount of energy
from the sun per day and the predicted hours of sun per
day are two values that are used in a linear regression
the optimal solution. The linearization is useddaily
compute ecut-off level ! ., for reattime control In
Figure 2 the optimal control strategis displayed aghe
benchmark. Two reime strategies are shown.

STRATEGY: PEAK
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Figure 3: Power profile and battery profile improved strategy (with
BESS)

The basic strategy with a statiG.,,,. has a stagnating

index improvement on the vertical axis, fa rising
maximum annualcost on the horizontal axisThe
improved strategy with aynamic ! .., leads to

continuing improvements for rising costdue to the
varying cutoff level per day.Power flow and battery
level results of the redime improved control strategy
are presented imigure 3. The dynamic cubff level is
indicated with a dashed line iRgure 3. It allows the
strategy to use the battecgpacityin a more intelligent
way. The dynamid ..., IS supportedwith a Stateof-

Chargemaodification. Theenergy levelat the beginning
of eachday is then adjusted in line with. ., .

V REAL-TIME STRATEGY:
CONTROL AND PEAK SHA VING

In this sectionvoltage control isadded tothe reattime
strategy.This strategy usesoth theactive and reactive
powerof the BESS. Active powearan be used timprove
the index for peak shaving directly and the index for
voltage control indirectly. The active power is linked to
the physically available energy in the battery of the
BESS. This implies that succeedirigne steg may
impose limits on the amount aftive power that can be
delivered through the BESS (when e.g. the battery runs
out of energy). The reactive powem the other hand,
can be chosen optimally in evetiyne step because it is
not linked tothe energy in the batterynjected reactive
powe can improvethe index forvoltage deviatios, but
canalsoincreasethe total apparent powewhich would
worsenthe index for peak shawin

A shift in the optimalstrategy frompurepeak shaving to
morevoltage controlwill result in an increased usaggé
reactive power. Theptimaldimensionf the BESS will
change accordingly. Less active povaed more reactive
powerlead to a smaller battery and larger invesiee.

VOLTA GE
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Figure4: Relaxation scheme.
complicated becausthe rate of active andof reactive
power injection must be determinedsimultaneously
Therefore an optimization problem is solvedt every
time step The degrees of freedom enteisthptimization
problem as constraint$he objective is to use the battery
as little as possibléo prioritize inverter solutions over
battery solutiongo avoid batterydepreciation & well as
the costof energy losses in the batterijhe optimization
problem petime stepk becomes:

n#n|u$% |batt
U
I"#$%oadflow modell
"##$%&'() !
! houses
mom 5 W Z iy !
]
N |||I t0t| 1o relaxation step
LR T 1"#1 ffd
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The constraints might prevent the optimizer from finding
a feasible solutioin sometime step. This is solved by

. . 1"#$9 'O)*+&", - . . .
increasing ! PESASEI iteratively until a feasible

g
solution can be found that satisfies the relaxed

constraints. If a feasible solution can still not be found,

n "HS%P&'()*+&", . . .
! ,..:if‘f’i&o " is also increasedand the process is

repeatd A representation of th relaxation schemeis
given inFigure4. Solutions of these optimization problems
in every time step determine the redlme control.
Depending on the configuratiofbattery and inverter
size)of the BESSa peak shavin@nly strategya voltage
control only strategyor a strategy combining both at the
same timeare comparedThe results are shown Rigure

5. The full black line represents the benchmark solution
of the multiobjective expost optimization for a cosif
#8000/a.

TABLE 2: BESSCONFIGURATIONSAND ANNUAL COSTS FORDIFFERENT
REAL-TIME STRATEGIES(EX POSTOPTIMAL)

The realtime strategy minimizethe peak shaving index
and the index for voltage contrbly using three degrees

of freedom ! .y oy M"# g, @NA! Ty

! cutiofta'@nd!"# 4 are defined inthe previous section
'l determinesthe threshold fowvoltage deviatios
thatarenot tolerated.

! 1 I I ' | ' | ' | I |
0 96 192 0 384 786
BatterykWh] ) (139 (173) (0  (10)  (6.9)
verterkva] 1565 1043 526 626 417 208
(147.2) (644 (35.4) (60.2) (56.0) (19.9)
rugls 0210 7940 76203330 3270 3080
FHS s (8000  (80(D) (8000) (3200) (3200) (3200)
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In TasLe 2, the BESS configurations for the different
control strategiegresented irFigure5 are given, with the
optimal configuration for the ex post strategy in
parentheses.

Compared to the reference scenario without BE8S, t
Ovoltage controbnlyQ strategy accomplishes a great
reduction in voltage deviation for low costgithout
increasing the peak shaving index. For higher costs
(larger than 3200 #/a) the improvements saturate and the
peak shaving indeincreags This is because without a
battery to store energy, only load badang over the three
phases cameducethe peak shaving indeXurthermore,
reactive power used for voltage control worsens the peak
shaving index insometime steg. The Opeak shaving
onlyQ strategydecreases the peak shaving indaxd
indirectly also thevoltage deviations. A largenaximum
costallows for a larger battery, which allows for more
peakpower to be stored.

The combined Ovoltage control and peak shaving®
strategy proveshat both voltage deviations and power
peakscan bereducecby combining both strategies

VI CONCLUSIONS

Peaks in power delivery and voltage deviations are two
crucial issues inoperatingthe low voltage grid with an
increasing amount of PV. A BES3n offerpeak shaving
and voltage controkervicesusing active and reactive
power at a strategic location in the grid.

For the reatime control of a BESS, prediction based
methods have been proposed in literature, which are
based on a forecast of load profil®d. In this paper
strategies are presented tladlow reaktime control for
theseserviceswithoutthe need foftoad profile forecasts
Through the use of performance indices for the peak
shaving and the voltage controfjifferent control
strategiesare compared.lt is shown that both the peak
shaving and voltage control services can be combined in
one controller. A graphical representation of the
performance inFigure 5 shows that the three regine
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strategies approach the optimal solution, compared to the
reference scenario without BESS. distribution grid
operatorcan obtain a desired objective by selecting one
of the proposed strategiealong with the coesponding
configuration of the BESS.
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