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ABSTRACT: Because of the recent technological develamts within the field of power conditioning and
the progressive decrease of incentives for PV mt#gtin grid-connected markets, new operation e®tbr

PV systems should be explored beyond the traditiomimization of PV electricity feed-in. We have
developed the GeDELOS-PV system as an exampled#fdadalue for PV electricity which arises from the
combination of modern hybrid PV technology withemad-acid battery storage system and Demand Side
Management strategies in the residential sectorcilviy out simulations for long-time experimentsdsty
studies) and real measurements for short and miel-€éxperiments (daily and weekly studies). Reshibsvs
that the relationship between electricity flows atorage capacity is not linear and thereforeeidmes an
important design criterion.
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1 INTRODUCTION

The growing penetration of Distributed GeneratidG] technologies in grid-connected applications has

increased the need for efficient integration tedbgies. The penetration of PV generation is indrepsvorldwide,
achieving for example 9.8 GW in Germany and 3.5 @V8pain of the total installed power at the en@@®9 [1].
However, the renewable energy operation and thieggifiness limit the amount of the installed powEnerefore, it
is hard to increase of this sort of energy in plaatere its presence is currently high. The wodsented in [2]
concludes that the use of load shifting and enstgsage is compulsory to achieve high PV penetrdéuels.

Demand-Side Management (DSM) is defined in thisepas actions that influence the way that consunnses
electricity in order to achieve savings and higféiciency [3]. Furthermore, DSM has been identifies one of the
main strategies to be promoted in order to guaeaséeurity of supply in the European Union [4]. Toenbination
of DMS with new-generation PV hybrid technology igconnected-type inverters with small-scale eleityr
storage and an active control of the grid interfdeads to a new concept called “Active Demand Sid@agement”
(ADSM). From which not only PV systems operatorms peofit, but also other consumers connected tsémee grid
(through cooperative strategies) and the gridfi{ifethe PV systems respond to signals coming ftbmDistribution
System Operator).

2 GeDELOS-PV SYSTEM

The GeDELOS-PV system is an example of added VfaluRV electricity which arises from the combinatiof
modern hybrid PV technology with a lead-acid batstorage system and DSM strategies in the resalesgctor. It
has been developed on a prototype of a self-seffigolar house called “MagicBox” [5], consisting af7 kWp PV
generator, 7.7kWp grid-connected inverters, 36 k¥fHead-acid battery storage capacity with a Sk\\jitdry
inverter and electricity meters. It includes elieetr appliances typical of a highly electrified hemThe most
consuming ones (kitchen and laundry appliances)earemotely controlled using Information and Comioations
Technologies.
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Figure 1. Esletrical system sketch Figure 2: Frontal view of MagicBox

The main objective of the GeDELOS-PV system is atis§/ the user demand, optimizing the use of PV
electricity. To achieve this objective we have daled two main strategies: i) The management ofraallsscale



battery storage system in order to use the PVré#gtindirectly and ii) to schedule the local efiécity demand in
order to integrate the user demand into local Pihegation. Different constraints can be implemenisihg these
strategies: limitation of energy demanded from ghiel, restriction of hours at which energy can beogted or
imported, etc. The GeDELOS-PV system operatiomcsi$ed on the self-consumption maximization. It iméizes
the amount of electric energy consumed by loadshwisi supplied by the local generation sources geiveration in
our case). We have defined a self-consumption fg€}@s:

f:

Epv,Ioad + EbatJoad

EIoad @)

where By 0adis the PV energy directly consumed by the loadg; Gads the demanded energy supplied by the
battery and Eyaqis the total amount of demanded energy.

Notice that the proposed factor can be used irmdifft time-frames. Moreover, becadss normalised by the
loads demand&[][0,1], it allows to comapre systems with differesites and load<=0 would be the case of a
building with no local generation available, &l when all the energy is locally supplied.

3 BATTERY CONTROLLER

As aforementioned, the house is equipped with @& #&sad battery bank. The battery bank is divide@4rcells;
each cell has a capacity of 750Ah and a voltag@\bof Therefore, the total battery bank voltage i&/48ith a
capacity of around 36kWh. Because this capacityevainigh for a single house, whose daily consumng around
11kWh, we do not use the total capacity in our expents.
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Figure 3: Battery controller operation sketch: a) Self-Conption, b) overcharge and c) overdischarge.

In order to use the stored electricity, the hogsequipped with a battery inverter. This inverteesl not only
carry out the energy conversion, but allows to marthe power flows in the house. By making usehafse stream
controllers, several high-level (software) batteontrollers have been developed and tested. Trextlg of theses
controllers is to maximiz&, and their main characteristics are: i) manageroétite battery inverter’s currents, ii)
avoidance of electricity exchange with the griceftlonly charge the battery with PV generation exegsl discharge
the battery to supply the loads) and iii) preséovabf the battery against overcharge and overdigsh The one that
performs best in terms of maximizidgdefines the following states depending on théebaState of Charge (SoC):

¢ Self-Consumption (Figure 3.a)25<S0C(%)<95. Grid-connection is physically mainéain but
interchanges of electricity with the grid are mirged.

¢ Overcharge (Figure 3.b): SoC(®8b. The battery supplies the loads and the battemyroller regulates
the charging process by means of a specific fundti@t dynamically controls the input power. This
strategy smoothes the power input curve as wethasystem response until the battery enters irgo t
“Floating mode” (SoC=100%), where it is controllectkisively by the battery inverter.

e Overdischarge (Figure 3.c): SoC(%)<20. The battegses supplying the loads, battery charging is only
allowed if the PV generation exceeds the loads dema

4 SIMULATION RESULTS

Simulations have been performed using one-yeareaf PV generation data as an input to GeDELOS-PV
system. To represent the user demand, a constiéywcdasumption of 11.3kWh has been consideredc%lof the
daily consumption is controllable (washing machidejer and dishwasher). The simulations have beadenfor
different storage capacities and with and witho&MD The battery capacity is normalized by the dadpsumption
in order to represent capacity in days of autonomy:
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Figure 4. Relation between electricity flows and normalizegacity for yearly studies: a)withput DSM
and b) with DSM.

The main electricity flows analyzed aredg, ioad Epv, gria: Epv,pat@and Eat i0ad In Figures 4 the relation of these
variables with the normalized capacity can be oleswithout (a) and with DSM (b) respectively. Netithat for low
capacity levels, the electricity flows variate s@hg. When capacity is close to one day of autong@y~ 1), this
tendency changes and begins to be softer. Fordaigacity levels, the functions saturate and achaepiateau value.
Figure 5 summarises the annual simulation reslilghows the evolution of the Self-Consumption faatith and
without DSM strategies, for different storage cafes. Table 1 includes some representaivalues for the yearly
study using daily averages. Notice that fgr=00 the use of DSM performsse= 0.468, this value coincides with, C
= 0.2 without DSM. Thus, the DSM system actuatea amall-size storage system. Moreover &lirecrease carried
out by the DSM is not constant and its benefitagliar as the battery capacity increase.
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Figure5: Relationship betweehand normalized Table 1. Relevant; and G, relation values.
capacity for yearly studies.

5 REAL EXPERIMENT RESULTS

Real experiments have been performed between Juhédagust 2010 in MagicBox to validate the battery
controllers developed, as well as GeDELOS-PV sysiparation. Results of two weeks of uninterrupteeration of
the house are summarised. Daily loads vary betvtdeand 13 kWh and the storage capacity used wag\Bht

(C,~0.5). Moreover, the PV generation has been limite8.55 kWp because the original one is high fairgle
house.
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Figure 6: Power flows for measured experimental days: a)autibSM and b) with DSM.

Figure 6a shows the power flows on a day withouMO8nly storage), where the loads are mostly cotreésd
at lunch-time and especially in the evening, wheare is not PV generation (typical distributionSgfanish house).
As it can be observed, the night loads are supgit@a the grid and the batteries are charged oriignwthe PV
generation exceeds the local demand (recall tieabd#tteries are only charged from the PV systedtismharged to
the loads). At lunch time (min. 800), an increasel@mand modifies the battery operation mode, wicithnges to
discharge in order to supply the sharp peak denwtitbut importing electricity from the grid. Aftethe peak
demand the PV electricity is again able to suppigadly the loads and the battery is again chargitld the excess
energy (constant power around 1 kW). In the evertimg battery is discharged to supply the eveniragl$ until all
PV electricity stored is exhausted. The systemathgeved; = 0.693. Figure 6b shows another day with stoeagk
DSM, where the deferrable load has been displatedder to optimise the Self-Consumption of PV eleity. & =
0.847 has been achieved in this experiment. Talikel@des the measured energy variable valuesddr example
days. The values average throughout the experimereks has been also included.

Day: Week: storagg Day: storage & Week: storage

storage only  only® DSM & DSM®

Ejoad (KWh) 11.974 10.818 12.569 11.788

Epv (KWh) 22.392 22.887 18.684 23.149
Epv,ioad(KWh) 4.161 3.817 5.854 6.130
Epv,pat(KWh) 8.211 8.231 9.284 5.911

Epv,gria (KWh) 10.020 10.839 3.546 11.108
Epat j0ad(KWh) 4.139 3.819 4.790 3.642

& (%) 69.3 70.7 84.7 77.8

Note: (1) Daily averages.
Table 2: Daily and weekly results, and energy variables.

6 CONCLUSIONS

An Active Demand Side Management system that coesbimew PV hybrid technology with Demand Side
Management strategies has been presented, the ‘1GeBPV" system. For the results presented in thigep the
system has been configured to maximise the amdup¥ eelectricity used on-site (self-consumptiorijher directly
or indirectly through battery storage.

We have observed that the relationship betweeretbetric energy flows and the capacity is not Imess
expected, the relationship between self-consumpfamtor and the capacity follows the same evoluti®his
relationship is an important design criterion, vwhiovolves that oversized storage does not prodelesant energy
benefits with regard to the local energy optimizatiThe use of DSM strategies entails relevant ricgges as:

e It reduces energy losses. A DSM system has nottdeeergy losses because there is not physical
contact with the energy system. In the other hargtprage system has different losses dependitigeon
technology.

« It reduces the battery size and therefore the €08SM system only needs to control electronics and
depending on the devices the cost is low compartddanarge storage system.

e It increases the energy management possibilitigscdhtrolling the demand we can implement new
energy strategies.

¢ With regard to the scalability, an increase of tleenanded energy doesn’t involve an increase of the
DSM size, because it is a software controller.

As a general conclusion, the “GeDELOS-PV” systers Hamonstrated that the combination of small-scale
storage with Demand Side Management significamtigroves the local use of PV, thus increasing thevBMe for
the user. This combination will play an importaoierin future smart grids.
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