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Abstract: with the development of decentralized power sources based on renewable energy, power grids
need smarter operations to be run properly. This paper refers to a microgrid with solar panels associated
with an energy storage unit connected to the main grid. An off-line optimal dispatching of the storage
power flows is proposed in order to minimize energy costs with regards to the daily energy rates. An on-
line management strategy is also introduced so as to control in real-time the grid power predicted over the
day by the off-line dispatching.

Keywords:smart grid, energy storage, forecasts, power dispatching.

in order to optimize the difference between cost and benefit
1. INTRODUCTION of the powers flowing through both meters, considering PV
ngduction and load consumption forecasts. This economic
imization aims also at predicting the power flows
hanged with grid, for the day ahead. The second objective
the microgrid owner is related to the capacity of fulfilling
real-time this predicted grid power over the day.

With the growing population on earth and the new needs t
have emerged, global energy consumption has increased
50% since the 90's and is expected to keep going up wittf
ratio of 1.6% per year To face the increasing demand of?
electrical power in compliance with the liberalisation of thd!
electricity market and the need of reducing,Gnissions, The rest of the paper is organized as follows. Section 2
many distributed energy resources have emerged agéscribes the power flow model used to represent the
especially the generation systems that utilize renewabigicrogrid system. Then, an off-line optimal dispatching of
energy sources. Thus distribution networks evolve to a moserage powers is introduced in section 3 with the aim of
meshed model, and they are likely to become associationsegfimating for the day ahead the grid power evolution that
a large number of "microgrids" (Celli et al, 2004). Due to thginimizes global energy costs. The economic efficiency of
stochastic nature of those generations, it requires smares studied microgrid is compared to a corresponding one
operations to keep feeding loads in a supply-on-demagthout storage unit. In section 4, an on-line energy
system. The improvements in storage technologies allawanagement is proposed in order to ensure in real-time and
those operations with a more flexible and reliablgver the day the fulfilment of the power flowing through the
management of energy (Yeleti et al, 2010). Renewabgid. Finally conclusions are drawn in section 5.

energy sources associated with storage units are considered

like active distributed generators, one of the fundamental 2. POWER FLOW MODEL

elements of the concept of "Smart Grids"(Lu et al., 2009).

Real-time management is required to optimize microgrid.1. Power flows

operation taking account of forecasts for consumption ar\%
generation as well as energy prices (Colson, 2009; Bagher;j
et al., 2009). This paper refers to a study led in the framew:
of SMART ZAE project in which French companies and Qpr
laboratory are associated. The considered microgrid S
presented in Fig. 1:

ltage and current are not considered so far. The study only
fers to the optimal dispatching of power flows. Previous
rk showed that the necessary flows to describe the system
ongly depend on the prices policy of the energy feeder and
the position of the meters in the network. In the studied
case, with the possibility of selling energy, two flows are

« A building with a commercial load 50 kW max required to set the problem (see Fig),1.e.:
* PVarrays with a total capacity of 175 kW - the power flowPg g €xchanged between storage and
* A 100 kw/100 kwh high speed flywheel consumers (i.6Ps0aq > 0) Or transferred from grid to storage

The so called "prosumer” is connected to the main gr{@i€. Pstoad < 0).
through two meters with a specific rate when the energy is

bought and another one when the production is sold. The goahe power flowP,,, provided by PV arrays to storage
of the microgrid owner is to control the storage power flows



PV arrays _ comparison the error performed by the French grid operator
' : (i.e. R.T.E? is about 2%.The production is estimated using a
single diode model simplified by a MPPT (Darras et al,

2010).The power is computed with the values of the solar
radiation, the temperature and the characteristics of the PV

modules.
P (GO0 =N, SO RN
pv Gﬁ (t), a(t)) - va? Pmax"'/JPmax(Tj Tj ) ( )
i
: . NOCT-20
Storage unit " = A
(Hi-speed flywheels) with T] Ta (t) +G| 800

; o 3 . lbmax . Power variation with temperature [W /°C]
a) Commercial building with renewable ener roduction . e
@ 9 9P GR : Reference of solar irradiation [W/m?]

i
Peria Piog Loads NOCT : Normal operating cell temperature [C]
—*2 S ? - '_;l 3 Prax PV module maximum power [W]
(5 - Ip_,i , = TR : Module temperature at standard conditions [°C]
Consumption e .
meter Npy : Number of PV modules
& | The temperature is set to the mean value of the corresponding
storage month. Measurements of solar radiation have been processed
; Pt 2 in the area of the project for a whole year. Real-time values
=2l < =4 for a given day are extracted from these data. Forecasts are
Production PVarrays computed using the absolute position of the sun and the solar
meter panels tilt and orientation (Mehdaoui et al., 2010). The solar
energy is adapted every 4 hours during the day to comply
(b) Power flow model with the radiation of the real-time values. Then the following

figures are obtained for both loads and production with the

Fig. 1 The studied microgrid. forecast used in the off-line operation the day before and real-

. time values as inputs for the on-line control.
Those power flows represent the degrees of freedom in tthe P

system management. For each elementary time intéyval 6o - 3 160 —
both off-line and on-line operations have to ensure the overall It I
power balance with the storage and the grid considered 5340 : : 120} v
generators: 5 M Ty [\\

2 3 R 1 80 f-----
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2.2. Storage : ; r/ \
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The high speed flywheel is assumed to be a perfect energy ° * °® tiew® 2 Time (h)

storage with no self-discharge. Dynamics are not studied g3 > pifference between forecast and real-time values of

well as Iosse_s within the converters, only the _POW&Had consumption (left) and PV production (right)
dispatching being targeted. At each time intet\afl duration

At = 600 s the dispatching strategy has to fulfil the following

constraints regarding the storage power and energy: 2.4. Rates of the power supplier

Rimin < Pst() < Potmax (2)  Prices of sold and purchased energies are derived from the
rates of the French power supplier:
0= Eg(1) < Egimax

where the storage enerfy(t) is defined in kwWh as: *  Churchase= 0.13 € kWh from 6 a.m. to 10 p.m.
At *  Cpurchase= 0.08 € kWh from 10 p.m. to 6 a.m.
= - + - [
2.3. Load and production It corresponds to a case in which selling PV electricity

For the load consumption, measurements have beiinains very interesting in order to favour the development
processed on the building for a spring day. That profile @ renewable energy sources. Another case is also considered
used as real time values. Compiling those data, we buldth no gain on PV production (i.€s,e = 0€/kWh) aiming
another curve used as forecasts that could be processedah@ncouraging self-consumption.

day before (Fig. &. Note that the mean squared error

normalized by the mean forecast value is about 12%. As a



3. OPTIMAL OFF-LINE DISPATCHING OF STORAGE 144
POWER FLOWS Goverdischage = Z maXO! Estmin - Est (t)) <0 (12)
In this section, a power dispatching strategy is investigate o

for a suitable use of the storage unit. It consists in ereEsimin aNdEsimax respectively denote the energy storage

determining the optimal references for the storage po corresponding to the minimum and maximum allowed state

W8t charge (in our ca = 0 kWh an®Egma, = 100 kWh).
flows (i.e. P}, (t) andP .. (1) that ensure the lowest daily ge ( Esanin stmax )

energy cost (or the higher daily energy benefit) for giveﬁ'”a”y' the_followmg equality constraint is also incorporated
production and consumption. The optimal dispatching f% order to Impose th_at_ Fhe storage energy state at the end of
formulated into a standard non-linear and constraind@€ day returns to its initial state, i.e.

optimization problem. Ey (44=E, (0)= 50kWh (13)

3.1. Decision variables, upper and lower bounds All these constraints are related to the storage energy.
. . . Remind that power limits on the storage are always

Povst) andPg . (t) constitute the decision variables of theguaranteed by upper and lower bounds of the decision

optimal dispatching strategy. All power flows in the systemariables defined in the previous subsection.
are sampled with a period of 600s. Consequently, 144

unknowns for each storage flows on the overall day have 304. Tests and results
be determined, leading to a total number of decision variab . . : . . . :
of 288. Upper and lower bounds of those variables al N op.tlmal d|sp§\tgh|ng consists in solvmg the non-linear
obtained from power storage limits represented by (2) aﬁanstramed optimization problem  defined ~as the

- . ; . Inimization of the global energy cost (10) while fulfilling
ic;p:aertit::]\(gadctc:)ntsggagti;ensurlng that no power in the ﬂyWheg]nergy constraints (11), (12) and (13). Decision variables are

the storage power flowBsijoaq and Ppy-0ad fOr which upper

Rimin < Petioad (1)< MiN(Rymax Foad () (6) and lower bounds (6) and (7) ensure storage power limits and
load consumption for a given PV production. The problem
0= Ppyo (1) < MINPayae va(t)) @) can be easily solved using non-linear optimization methods

such as sequential quadratic programming, through the use of

L . fminconMatlab function.
3.2 Objective function

o _ We illustrate the off-line dispatching strategy considering the
As referred above, the objective is to minimize energy Cogfrecast production and consumption of Fig. 2 for both cases

regarding both purchased and sold energies. The purchageey electricity selling previously mentioned. In each case,
energy cosCp on the overall day is expressed as: the optimal solution is compared to a solution without storage

144 where all the PV production flows through the production

At . .
C, :CpurchaseZ(Ffoad(t) — Pst10ad (t))ﬁ) (8) meter ano! where the load is only fed by the grid through the
=1 consumption meter.
while the gainGs in energy production returned to the grid is
defined as: Table 1. Results of optimal dispatching for
Cale = 0.45 € kWh

144 At
G, = C5a|eZ(va(t) —Povst()) = (9) without storage|  with storage and optimal dispatching

= 3600 C, 720€ 66.9 €

. . . L . G, 309.9€ 309.9 €
all S

Finally, the objective function to be minimized is the globa} . 237 9€ 2426 €

energy costCg defined as the difference between the

purchased energy cost and the sold energy gain: In the first case, the rate of the sold energy is so high

Ce=Cp-G (10) compared to the cost of the purchased electricity that all the
production has to go up to the grid. There is no interest to
3.3. Non-linear constraints transfer PV energy to the storage unit &gl remains null

over the day. However, five Euros can be saved compared to
Additional constraints on the storage unit have to bg system without storage unit by exploiting the variable rate
considered in order to ensure a good system operating. gfienergy consumption during the day (see Table 1). It can be
particular, two inequality constraints on the storage energgen from Fig. 3 thas.aq< 0 Up to 6 a.m. This indicates
are introduced to avoid overcharge or overdischarge durifgqt the storage is charged from the grid when the

the day: consumption rate is low. When the energy cost increases at
144 6 a.m., the load is fed by the flywheel in order to reduce as
Govercharge™ Z max(, Eg; (t) ~ Estmax) <0 (11)  much as possible the power flowing through the consumption

t=1 meter.
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0 ) 4. ON-LINE OPERATION

‘L‘alv without storage! _J_ PIocd
z, . j/_ N %,30 Mw/f:\\: SN 4.1. Principle
% o / L—f Owwr*’/v """" M“‘”"L The off-line power dispatching developed in the previous
60 o %_30 77777777777777 \ 7777777777777777777 Eection estimates for the day ahead the optimal power flow
s e . P Pyia €xchanged with the grid over the day. It appears difficult
20 L e, 60y——————————  to foresee the future expectations of the governments and
Time (h) Time (h) power suppliers towards the prosumer. However, judging
'l 21007 ) = from the laws that appear in recent years with the
e SO S f\ ,,,,,,,,,,,,, ; </ - devglopment of decentrali_zed energy sources, f_ore_casting the
2 P g 50 \\ profile of the power flowing though the grid is likely to
60 - = become one of the most important concerns in terms of
g |Pus / Z, oot AN valuable grid services. Thus in real time , by taking account
§ k \ g Py L of forecasting errors, the on-line energy management strategy
o 3_ consists in controlling the storage power flows (Pg-ioad

a1
o
o

0 8 2 6 20 2 .
P el ¢ ™ ® " andPyqead SO that the grid power over the dByiq would

. . . . _ be as close as possible as the predicted proﬁ[ﬁd)(
Fig. 3. Optimal dispatching results 0. = 0.45 & kWh Obviously the performance of such control strongly depends

on the quality of the forecasts (Potter et al., 2009).

In the second case with,. = 0 €/ kWh, there is no interest ; -
to sold the production. Two degrees of freedom offered t%CP:/onsequently, a tolerandsP in terms of power deviations

. L gm the referenc®,,y is considered, defining a bandwidth
the storage unit can be used for minimizing the purchase o9 ) ]
energy, allowing a decrement by 73% of the total cost fgriaxAP for which errors between predicted and actual grid
comparison with a system without storage (see Table 2). Thewer flows remain acceptable. It should be noted At
storage contributes to feed the load between 0 and 6 a.m. (¢@@ be set by the microgrid owner or imposed by the power
Fig. 40). During day time the great level of PV productiorsupplier. The real-time control strategy investigated in this
supplies the load while loading the flywheel. There is stipaper acts as follows: for each elementary time intertae
some energy surplus flowing though the production met@fid powerPy4(t) and the storage energy(t) are computed
and returned to the main grid. Compared to the previoffem the actual PV productiorPy(t), the actual load
situation, both storage flows evolve in order to optimize theonsumption Pe4(t) and the predicted storage powers

global energy cost. Petioadt) andﬁpv_st(t) according to (14) and (15) :
Table. 2 Results forCg, = 0 €/ kWh Rria (0= Road() = Poy( = Petigad(t) + Ppyg(t) (14)
without storage|  with storage and optimal dispatching i) = t—=AD +(P -P t At 15
Cp 720£ 23.9€ Est( ) Est( ) ( pv—st( ) st—load( )) 360( ( )
G, 0€ 0€ Then, four cases have to be distinguished according to the
Ce 72.0€ 239 € value ofPg4(t) in (14):

- Case L:if |Pyia(t)—Pgria(t)| > AP and 0< Eg (1) < Egyma.
60 0 _ the actual storage powers are optimized in order to set the

@ Wiﬁj“tsofageé J\ ®) R actual grid power on the limit of the bandwidth, i.e.
s S ) S e it :
X PR = C\Vm v st)Plkioag €)= argmin| Ry (9 Bg 0228 26)
z i p P
5% TN 2 20 ] - Case 2:if |Pyig(t)~Pgria(]< AP and 0< Eg(t) < Egimax
120 with sforade and optimal dispatching Epsr'?ad the procedure aims at correcting the deviations of the
0 4 8 12 16 20 24 % a4 8 12 16 20 24 storage energy, i.e:
i i h
120 Time (h) _150 Time (h) X X _ . X
s © r\ $ | = Pp\f st €) Pstioag €)= argmin{ Eg(t) - Est(t)‘ (17)
290 [t 2100
geo Fv | g \/ - Case 3:if Eg(t) < Emm the constraint on the energy
c X ‘\ =50 storage has to be fulfilled:
g30 Pt — /} 3 Ny
& A 5 O ol A * * _ .
‘/v § v Pp\f st([ )-Pst—load ( )_ argmnq Est(t) - Estmin(t)U (18)
0 -50
0 4 8 12 16 20 24
Time (h) R Tirlnze(h)la 2% case 4:if Eq(t) > Egmax  the problem is similar to the

previous case:

Fig. 4. Optimal dispatching results Gty = 0 €/ kWh . . _
Poe st Piiona = argminEy() - Eqna®)]  19)



b

The determination o, ((t) andPg,,,, (1) in (16), (17), (18) Plria
and (19) is performed with a simple greedy algorithm

consisting in the successive exploration a 2D neighbourhood
with a step size of 0.1 kW on each direction (see Fig. 5). The
reference point is refreshed every generation by determining

the best solution in the neighbourhood that minimizes thigre *4P

objective function related to the considered case. X Pyria ,
p Pyia —OP
pv-st ~
5 14 3
A PPV:I 6 1 > Peond Fig. 6. lllustration of the performance criteria
) >
4.3. Tests and results
7 ‘8 9 The on-line control strategy is applied using the reference
o - given by the off-line power dispatching f@x,.= 0€/kWh
elerence pom considering the real-time values of the consumption and PV

AF’st—!oad ( Isst- load! FN)pv—st)

production in Fig. 2. As explained before, the main objective

Fig. 5. Grid used for exploring the 2D neighbourhood df 0 MaintainPyqq as close as possible to the refereRge;
initial iteration within a bandwidth+AP . The performance criteria defined

_ in the previous subsection are then compared between a
The search starts from the initial pofy; ,,{t) andP,, ()  situation with no adaptation (i.e. when the storage power
issued from the off-line power dispatching and goes on unfibws predicted from the off-line dispatching are used as
no improvement on the objective function is met. Note thabntrol references) and a case where the on-line management
some points could be automatically discarded if they lead testiategy is processed with a tolerance bandwidth of
violation of the constraints associated with the storage powsP = 10 kW. Quantitative results are given in Table 4.
and energy (i.e. equations (2), (3), (6) and (7)). An additional
constraint is introduced in the case 2 in order to guarantee @aple. 4 Performance criteria with and without the on-
resulting grid power inside the bandwidth. Finally, it should line control of storage powers

be noted that in the case 1, the optimal point resulting from : i . :
minimization of (16) might not reach the bandwidth limit. In Without on-line control With on-line control
such case, load shedding on the consumption can |[he? 8.9 kW 5.3 kw
performed by the microgrid owner in order to ensure th&Zmax 44.3 kW 34 kW
fulfilment of the predicted grid powd?y4. The reduction of Noy 9 6

the load consumption constitutes an additional degree oflov 6 h 10 min 2h 48 min
freedom in the energy management strategy related to_&ov 86 kwh 38 kWh

trade-off between the continuity of load services and the grid )

power requirements. The capacity of derating thBigure hclgarly shows the advantages Qf the on-line control

consumption strongly depends on the consumer nature. In §tiategy which reduces the overshoot impacts compared to
case, it has been assumed that the maximum duration dh@ use of the references issued from the off-line power
power cut is identical to the minimum period allowedlispatching. We can see from Table 4 that all performance
between two successive power cuts, T&=Torr= 30 min criteria are significantly improved. It should also be noted

The power derates are also limited to a vélyg.,= 15 kw. that the largest overshoots occur in the afternoon (at around
3 p.m.) when the storage is fully charged by the important PV

4.2. Performance criteria production. In practical, those overshoots could be avoided

) ) L ) by derating PV production through MPPT control of PV
In this subsection, some performance criteria are mtroducgprays_ Fig. B and Fig. © particularly illustrate the

in order to quantify the error between an effective grid pOWejyantation of the storage power flows for ensuring the grid
profile Pyiq(f) and a given predictive referendyiq (Se€  power requirements in relation to forecast errors. This leads
Table 3). These criteria are calculated over the day accordigg some deviations on the storage powd; and the

to Fig. 6. associated enerds, (Fig. 7d and Fig B) in comparison with

Table. 3 Performance criteria the corresponding values predicted by the off-line power

dispatching. However, this does not really affect the

o Root mean square error kw economic efficiency of the microgrid. The daily energy cost
Omax Maximum deviation kW related to forecast errors and computed from the grid power
Ny Number of overshoots _ pbtained vv_ith .the on-line controllstrategy is of 38 €. This cost

- is a little bit higher than the optimal energy cost determined

Tou Total overshoot duration h by the off-line dispatching (i.e. 23.9€) but still more

Eov Total energy during overshoots kWh interesting than the energy cost of a system without storage

(i.e.72 €).



Finally, additional studies will focus on the coupling between

0y " oifine power dspaichify the sizing of the storage and the energy management aiming
3 30 pmmmmmi A R at optimizing the trade-off between the cost of the storage
g 0 CA Y | /M B systems and the reduction of the microgrid energy
£ UG consumption.
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