Downloaded from orbit.dtu.dk on: Dec 20, 2017

Technical University of Denmark

=
—
—

i

Day-Ahead Scheduling of a Photovoltaic Plant by the Energy Management of a Storage
System

Marinelli, Mattia; Sossan, Fabrizio; Isleifsson, Fridrik Rafn; Costanzo, Giuseppe Tommaso; Bindner,
Henrik W.

Published in:
Proceedings of UPEC 2013

Link to article, DOI:
10.1109/UPEC.2013.6715023

Publication date:
2013

Document Version
Early version, also known as pre-print

Link back to DTU Orbit

Citation (APA):

Marinelli, M., Sossan, F., Isleifsson, F. R., Costanzo, G. T., & Bindner, H. W. (2013). Day-Ahead Scheduling of a
Photovoltaic Plant by the Energy Management of a Storage System. In Proceedings of UPEC 2013 IEEE. DOI:
10.1109/UPEC.2013.6715023

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
¢ You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://dx.doi.org/10.1109/UPEC.2013.6715023
http://orbit.dtu.dk/en/publications/dayahead-scheduling-of-a-photovoltaic-plant-by-the-energy-management-of-a-storage-system(21fc9d1b-8b0d-4ee3-add6-ce0269574ed3).html

Day-Ahead Scheduling of a Photovoltaic Plant
by the Energy Management of a Storage System

Mattia Marinelli, Fabrizio Sossan, Fridrik Rafnd#kson, Giuseppe Tommaso Costanzo, Henrik Bindner

Center for Electric Power and Energy
Technical University of Denmark, Risg Campus
Roskilde, Denmark
{matm; faso; fris; guco; hwhi}@elektro.dtu.dk

model layout and the proposed control strategyadtaph Il

Abstract-The paper discusses and describes a system fordescribes the simulation results obtained in tiiferdint test

energy management of a 10 kW PV plant coupled with 15 kW

- 190 kWh storage system. The overall idea is, bynkwing the

meteorological forecast for the next 24h, to dispah the PV
system and to be able to grant the scheduled hourlgnergy
profile by a proper management of the storage. Dut forecast
inaccuracies, the energy manager controls the stoge in order

to ensure that the plan for hourly energy production is

respected, minimizing the storage itself usage. Thexperimental

study is carried out in SYSLAB, a distributed powersystem test
facility at DTU Risg Campus and part of PowerLabDK. Both

the PV and the storage are connected to the locaktwork and

are fully controllable through the SCADA system. Thecontrol

management and the models are implemented in Matlab
Simulink, which can be interfaced with SYSLAB.

Index Terms—- Energy Management, Energy Storage, Grid
Integration, Photovoltaic Power.

I.  INTRODUCTION

The development of the electric system, due tostheng
increase of the distributed and renewable generatie
posing new challenges to the management and casfttbke
power system [1]. Concerning the photovoltaic gatien,
the total installed capacity in Europe, by the en@012, is
estimated around 69 GW, equal to 7% of the oveilalttric
generation capacity, and moreover this asset wilsteadily
growing in the next years [2].

From the energy perspective the incidence on thef&an
consumption is lighter, due to the lower capadfstér of this
source, compared to the conventional
nevertheless, in some Countries like Germany aalg, Ithe

energy covered by the PV is around 7% and 6% |
However, major issues are related to the PV prcimimct(

profile, which is hardly predictable and managed#le Due
to the fact that the conventional power plants displaced
and thus eventually shut down, PV plants will bguieed,
within time, to provide a predictable productiorampland to
be able to grant it, even if the meteorologicaldibons differ
from the forecasted ones. Having the PV plants gnigp
dispatched allows the network operators to bettnage the
other producing sources. Respecting the
production profile is essential in order to have tmower
system working properly.

The paper develops as follows: the problem outliaes
presented in the Paragraph Il along with descriptd the

generatio

scenarios with several power sizes of the storgges. The
conclusions and the future developments are predeimt
Paragraph IV. The Reference Paragraph closes tfex.pa

1. MODEL DESCRIPTION

A. Problem Outlines

The day-ahead, an hourly energy production plantter
PV system is defined. This plan is calculated bgvidng the
PV module layout information and the weather fostsaThe

hourly production plan must be respected within +1%

Deviations are mainly due to forecast errors angntally
imprecisions in the model parameters. The storgges can
be used to correct the deviations from the plan,itbis very
crucial not to overuse it, because any charge/digghcycle
would lead to energy losses. For example, it hdsetiept in
mind that, during windy and cloudy days, there doog an
excess of production in the first half an hour]daled by a
lack of production in the second half. In this célse good
management strategy would foresee the use of tierpgust
in the last minutes, avoiding a depleting chargehia first
half, followed by a discharge in the second hali.t@e other
hand the control action cannot be taken too ldteratise the
power size of the battery could limit the provisiohenergy
in order to compensate the scheduling error.

R System layout

The conceptual model of the system is illustrate&ig. 1.
he 10 kW PV plant, composed by a 5 kW thin filmduake
opper Indium Selenium) section and a 5 kW polsgtaline
modules section, is interfaced to the low voltad® 4/
network via a 3 phases inverter. The thin film partormed

by 84 modules 60 W nominal power (-2%/+8% tolerance

divided in 6 parallel strings of 14 modules. Thegstalline
section is formed by 1 string of 22 modules 230 @vhimal
power (0/+3%). The storage is modelled accordingh®
Vanadium Redox Flow Battery installed in the SYSLABd

forecasfléoformed by a series of 3 stacks composed by 42 each

and equipped with two tanks containing 6,500 litiafs
Vanadium solution each leading to a theoreticalrirstio
capacity of 320 kwh, limited by the Battery Managsin
System (BMS) to 190 kWh. The storage is equippet an



inverter capable of providing up to +15 kW and #\2Ar function of air temperature, wind speed and ragimitself.
and it is able to ramp from full power charge td faower The dependence of the panel output with differemlight
discharge within few seconds. For the study purpbss intensity and the dependence in function of thepenature
interesting to analyse which is the optimal sizehef battery have been evaluated in order to evaluate the redufiiom
converter related to the size of the PV plant, éfeee the the nominal efficiency, having taken in accountt thiae
battery inverter will be limited in the output, deuling on nominal data are provided for standard meteorobdgic
the scenario analysed. The storage system is ctmhée conditions (1000 W/fand 25 °C). The comparison between
parallel to the PV plant and the overall systencdanected the historical production for the studied day ahd butput
with a cable to the local LV main network. At theift of with the model is reported in Fig. 3. The first pihows the
Common Coupling (PCC) the power transit is measaredl data with 1 minute sample, while the second onerteghe
integrated over the time in order to calculate ¢benulated hourly averages.

energy within the hour, this value is sent to thentool

system, realized in Matlab-Simulink, and compareth the PV Production 10 kW - 1 minute sampled
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; ; ; Fig. 3. PV model output and historical data for $hedied day: 04 May 2013
The meteorological forecast service, provided tg/ ETU reported with different time sample (1 minute an@ Ginutes). The

Wind Energy Department, gives the forecasted dgiation measurements are referred to the AC side.
hourly basis used to evaluate the predicted PV ututine
horizontal irradiance, the air temperature andwire speed
at 2 meters above the ground [5]. The Simulink Pyted,
realized in Simulink and reported Fig. 2, is fornigdseveral
blocks, where the equation for the description ¢ t
movement of the Sun and the evaluation of the ieffiy
chain in the energy conversion process of the P\duie
starting from the Sunlight getting to the AC outpate
implemented [6], [7].

C. Energy Management Strategy

The management strategy operates within each hoongy
frame. The input of the controller is the power mead at
the PCC, which is not directly used in the contoolp; but it
is used to compute the correspondent energy refereithin
the hour. This reference is compared with the gnergfile
that should be followed for achieving the hourlyeryy
target, identified by the blue line of Fig. 4.
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Fig. 2. PV Model block diagram concept. ’LE 02 &=
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laboratory of the DTU R!SQ) Campus. The _DC_ pOWgig. 4. Energy Management Strategy. Reference grierglue. Lower band
produced by the module mainly depends on the intigelar in green and upper band in red.

radiation and on the temperature, which for instane



The red and the green lines form the control bantfie controller is chosen in order to have the sgfr#o

whenever the energy profile exceeds the upper eldtver
bound (red and green line of Fig. 4) the battergdgvated:

store/release the maximum power if the energy asrequal
or greater to 1%. If the error is within 1% and (%€ battery

the more the distance from the objective value diéeper the power set-point is changed by five discrete step8o 2

charge/discharge required. On the contrary, if gheduced
energy matches the scheduled one, or it is insiddand, no
charge/discharge actions are performed.

This kind of control strategy has been successfuligd

amplitude.

1. SIMULATION RESULTS

and described in a previous work, that was aimed Rt gjmulation Procedure

controlling a renewable generation set composedrbyl1l
kW wind turbine and a vanadium based storage syg@gm

D. Energy Control Management Strategy tailored tcRkle

The simulation day chosen is th& Mlay 2013, which was
a sunny day with frequent clouds passages. Thelsiiow
process is here explained:

The energy management strategy presented in Fig. 4° The forecast meteorological data (solar irradigtiwmd

suitable if the predicted power generation (or comgtion in
case of demand side management) is expected toristant
within the hour, which is not the case for a PVteys The
hourly control strategy has therefore to be adaptedhe
typical production pattern of a PV system and itgphtude
and shape is going to change according to the dibtive day
as well as according to the day of the year andthen
specificity of the plan layout: tilting and azimuihf the
modules, geographical position, mutual shadowsaise cof
multiple arrays.
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Fig. 5. Energy Control Strategy for the PV plartdiized in Roskilde (DK)
on the 4 May for 6-7 am (left plot) and 3-4 pm (right plofjime in GMT.

It is interesting to observe that the curves anecawe up
during the morning hours while the concavity is ngpito
change during the day. The energy plan will be cosed by
almost straight lines around noon. The curveslvélconcave
down during the afternoon. The reason behind thigior is
due to the fact that power output of a PV planirdusunny
days is going to increase during the morning, reactne

speed, air temperature) of the studied day are tsed
evaluate the PV output. The day-ahead forecasts tha
mean the forecasts given at the 8 am of fhMay 2013

are taken in consideration.

* The PV model output is used to build the energy fite
the studied day {4May), shown in Fig. 6.

» Since a sensitivity analysis aimed at finding thaable
size of the storage system, several simulationsrame
using the historical production data of the PVafist in
the SYSLAB and using the Simulink model of the
storage. The storage model used is described.in [9]

Energy Plan
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maximum and remains stable in the noon and stagg. 6. Energy plan for the 04 May 2013. Time in GM

decreasing during the afternoon. Since the cumvesihg the
energy plan are depending on the integral functérthe
power output, the different power level during i@y and
during the hour is reflected in the shape of thergy control
strategy lines.

The opening of the lines, that means the distamteden
the upper and lower band referred to the energjinef will
determine the stiffness of the control. In thisec#ize initial
opening is +10% of the final energy value and it
progressively reduced within the hourly control dom in
order to guide the energy production of the pl&vhenever
the energy state of the system reaches the bamdtdhage is
activated in order to compensate the error. Theitbeity of

A preliminary comparison between the forecasted PV
production with the historical data is shown in.Fig The
historical production data have been hourly avetageéhile
the forecast production is already hourly averagiede the
forecast data maximum detail is 1 hour. It candenghat the
forecasts are overestimating the solar productionthie
afternoon. The total energy produced by the PV tfu
istudied day was 64.6 kwh, while, according to ivedasts,
it would be 71.8 kWh (+11%). The forecasted hourly
production will be the plan that the energy managfethe
plant is going to propose in the market and is mgslto be
respected every hour with an average hourly effrtess than



1% during the day and a 3% maximum error. Theretioeee

is the need to decide the optimal size of the gmthat has to

C. Scenarios with different storage power size
In this section the results with different storggaver sizes

be coupled to the PV plant in order to compensat tare reported. The improvements of the system padoce

unavoidable forecasts error.
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Fig. 7. Comparison between the forecasted PV ptamuand the historical
1 hour average data.

B. Scenario Base — no storage

In this scenario the base case is reported: iteptesthe
situation where no storage is installed. Fig. 8wshdhe
hourly energy produced by the system (in this casaposed
by the PV plant alone) and the errors made dukeddrecast
errors. The relative average error is equal to %7ahd the
maximum one is greater than 50%. The most sigmifidata
are summarized in Table | along with the other $itions
results. The same results can be observed from9Fighich
shows the cumulated energy within each hour (bliae and
the predicted energy plan. The energy state faileach the
target value at the end of the afternoon hours.

System Hourly Energy
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Hourly Energy Relative Error

Error (%)
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Fig. 8. System hourly energy and hourly energyreabsolute and relative.
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Fig. 9. System energy production and expected gneam. No storage.

are showed. The system performances indicatoreepmted
in the final table I.

The cumulated energy and the storage productioh ait
proposed storage size of 10% of the nominal PV Hize
means 1 kW is shown in Fig. 10. A detail for thediperiod
between 6 and 7 in the morning is illustrated ig. Ail. It is
possible to appreciate the action of the storagkhaw it is
able to take the system energy production witha dbsired
band.
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Fig. 10. System energy production and expectedggnelan. Storage size

10% PV power (= 1 kW).
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Fig. 11. Detail between 6-7 am of the system enprgguction and expected
energy plan. The storage production is reportethénsecond plot. Storage
size 10% PV power (= 1 kW).



In Fig. 12 it can be seen instead that the lackP¥uf
production is too large for the storage limitedesio be
compensated and therefore the target level of gnesgnot

be reached.
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size 10% PV power (= 1 kW).

Fig. 13 shows the same time interval with the gjera
power increased to 20% of the PV size (that meakgv}

The performances are improved.
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size 20% PV power (= 2 kW).

The following simulations graphs (Fig. 14, Fig. diad Fig.
16) are obtained with a storage size of 3 kW (3@&nario),
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Fig. 14. System energy production and expectedggnglan. Storage size
30% PV power (= 3 kW).
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Fig. 15. System hourly energy and hourly energgreabsolute and relative.
Storage size 30% PV power (= 3 kW).

It is interesting to observe in Fig. 16 the beheawab the
power measure at the PCC (first plot) which fortaier
aspects is worsen because of the power steps whictbe
induced by the storage operation. However it hdset&ept in
mind that the objective of the control strategy gmsed is
driven from an energy perspective due to the neea@gpect
the scheduled energy plan the day-ahead.

The Table | provides an overview of the resultsaoted
with different storages with a power spanning fréft to
50%. The most important indicators reported arebtery
usage, that means the summation of the energy ifloand
out the battery regardless the sign and the rede@sestored

which is the optimal scenario. Further increasethefstorage if negative) energy at the end of the day. The ayerand the
power size do not lead to valuable improvements.

maximum errors are also reported. As it can be ,seen



storage size greater than 30% does not lead toabiglu

improvements.

11

Further analysis will be aimed at extending thelgtalong
the whole year and at evaluating the behaviouhefenergy
manager in case of different forecast horizons.s8gbently
experimental tests will be run in the test facilitlging the
energy controller model in the loop with the PVntland the

10
9
— 8
2 7
< 6
q;, 5
4
g 3
2
1
9 ‘ ‘ (1
-1
5 6 7 8 9 10 11 12 13 14 15 16 17 18
Time (h) [2]
PV Power

(3]

(4]

R 1 1 1 1 1 1 1 1 [5]
5 6 7 8 9 10 11 12 13 14 15 16 17 18
Time (h)

Fig. 16. PCC transit and PV power production. Sdcampled values.

Power (kW)
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TABLE |
STORAGE USAGE AND SYSTEM PERFORMANCES
usage (KWh)| " \wh) hourly error | hourly error | (77
Base case . -
size 0% PV 0 0 17.3% >50.0%4
S_torage 2.64 1.90 10.3% >50.0%
size 5% 8
Storage . -
size 10% 4.45 3.54 7.2% 41.2
Storage
size 15% 6.03 5.07 4.1% 19.89
Storage . N
size 20% 7.43 6.46 1.5% 6.1% [9]
Storage
size 25% 7.99 6.99 0.7% 2.69
Storage . .
size 30% 8.10 7.10 0.6% 2.2
Storage ) .
size 50% 8.28 7.27 0.5% 1.4
V. CONCLUSIONS ANDFUTURE DEVELOPMENTS

The proposed paper aims at describing a systemnfergy
management of a 10 kW PV plant coupled with a 15 kW
190 kWh storage system. The overall idea is, bywing the
meteorological forecast for the next 24h, to dispahe PV
system and to be able to grant the scheduled haumdygy
profile by a proper management of the storage. Bue
forecast inaccuracies, the energy manager cordraties
storage in a predefined way in order to ensuretti@ahourly
energy production plan is respected, minimizing sterage
itself usage.

The study is in the early stage and is intendedetscribe
the methodology, to evaluate the size of the calipterage
system and to define the way of managing it in orde
respect the proposed day-ahead energy schedule.

Vanadium Battery, properly limited in its power put.
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