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Abstract—Evaluating the impact related to stochastic wind
generation and generic storage on economic dispatch in distri-
bution system operation is an important issue in power systems.
This paper presents the analysis of the impacts of high wind
power and storage participation on a distribution system over
a period of 24 hours using grid reconfiguration for Electrical
Distribution System (EDS) radial operation. In order to meet
this objective, a stochastic mixed integer linear programming
(SMILP) is proposed, where the balance between load and
generation has to be satisfied minimizing the expected cost
during the operation period. The model also considers distributed
generation (DG) represented by wind scenarios and conventional
generation, bus loads represented through a typical demand
profile, and generic storage. A case study provides results for a
weakly meshed distribution network with 70 buses, describing in
a comprehensive manner the effects of stochastic wind scenarios
and storage location on distribution network parameters, voltage,
substation behavior as well as power losses and the expected cost
of the system.

Index Terms—Distributed generation, distribution system re-
configuration (DSR), generic storage, stochastic mixed integer
linear programming (SMILP), wind generation.

NOMENCLATURE

Indexes

1,7,k Indexes referring to a bus.

f Index for the f*" partition segment of the blocks

used for the linearization (f=I1, 2,..., F)).

t Index referring to a period [hour].

w Index referring to a scenario.

m Number of branches of the EDS.
Parameters

ce Costs of conventional generators [<€/kWh].

CLOSS  Costs of resistive losses [€/kWh].

CNS Costs of unserved energy [€/kWh].

CRN Costs of wind power [€/kWh].

Ccst Costs of the generic storage [€/kWh].
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cs Costs of energy from the substation [€/kWh].

ESt Maximum energy storage capacity [kWh].

F Number of blocks used for the linearization.

I%AX Maximum current flow through branch ij [A].

N Number of buses.

PE Active power demand at bus 7 and period # [kW].

Pﬁ{‘,’u Active wind power generation at bus i, period ¢
and scenario w [kW].

P3C Maximum storage charging power [kW].

P5D. Maximum storage discharging power [kW].

th Reactive demand at bus i and period ¢ [kVAr].

R; ; Resistance of branch ij [€2].

AS; j. 1.6, Upper limits for the discretization of the apparent
power through branch ij [kVA].

Puw Probability of each scenario w.

UMAX  Upper limits of voltage drop in switches [V].

VNOM  Nominal voltage of the network [V].

V2NOM  Quadratic nominal voltage of the network at bus
' i, period ¢ and scenario w [V?].

Xij Reactance of branch i [(2].

Zi Impedance of branch ij [€2].

Ne Storage charging efficiency.

Nd Storage discharging efficiency.

Continuous Variables

Cost Expected costs [€].
Elsf Energy stored at bus i, period ¢ [kWh].
I 2;,j7t7w Square of the current flow of branch ij at period
¢ and scenario w [A?].
Pf; Active power of the conventional generation at
bus i and period ¢ [kW].
Pft Active power of the substation at bus 7 and period
t [kW].
PS¢ Storage charging power at bus i and period ¢ [kW].
PftD Storage discharging power at bus i and period ¢
' [kW].
Phs Unserved power at bus i and period # [kW].
Piz,t.w Downstream active power of branch i/ in period ¢
' and scenario w [kKW].
P4  Upstream active power of branch i/ in period ¢
and scenario w [kW].
th Reactive power of conventional generation at bus
i and period ¢ [kKVAr].

Renewable reactive power at bus #, period ¢ and
scenario w [kVAr].
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2 Reactive power of the substation at bus i and
' period ¢ [kVAr].
Zj.t,w Downstream reactive power of branch jj in
period ¢ and scenario w [kVAr].
Qj j+w  Upstream reactive power of branch i/ in period
t and scenario w [kVAr].
V2i+w  Square of voltage at bus i, period ¢ and sce-
nario w [V2].
Ui jtw  Auxiliary variable for voltage drop in branch

ij, period ¢ and scenario w in case the switch
is open [V].
AP; j .+w Value of active power in branch ij of block f;
period ¢ and scenario w [kKW].
AQ; ;1.0 Value of reactive power in branch ij of block
f, period ¢ and scenario w [kVAr].
Binary Variables

Qy Binary variable for branch status in each pe-
riod; 0 when branch ij is open, and 1 other-
wise.

B; ; Binary variable set to 1, if node j is the parent

of node 7, and 0 otherwise.
Binary variable set to 1, if storage is charging
at bus 7, period ¢ and 0 otherwise.

St
Ny

[. INTRODUCTION

The improvement of the operational behavior of distribution
systems under high wind penetration and the participation of
storage systems is one of the current challenges in the power
system industry. With the current advances in smart grids,
the evaluation of the operational behavior, in addition to the
quality of the power delivery, stability and minimization of
grid operation costs, should consider environmental impact
issues as well as the benefits of the stakeholders.

A. Literature review

Distribution systems represent the final link between the
bulk power supply system and the consumers, therefore, in
order to understand their behavior in the presence of DG,
it is crucial to have accurate operation analysis tools [1].
In addition, a significant amount of power loss is attributed
to line losses in distribution systems, estimated according
to [2] around 10-13%. The most common method used in
EDS for voltage enhancement and the minimization of power
losses is the integration of DG and capacitor placement. There
are other practices to improve distribution system operation,
which has been explored in [3] — [9], where other methods
handle the economic dispatch problem, like the use of network
reconfiguration and the optimal placement of storage. The op-
timal placement of DG helps to improve the utilization of the
maximum possible amount of available resources, rather than
responding to the dispatch instructions of the grid operator [6].
However, these improvement possibilities are blurred by the
complex factors involved in the technical and decision aspects
of grid operation. Moreover, DG power integration in EDS
must satisfy certain requirements like voltage stability, current
limits and reactive power requirements, which are of great
relevance for the EDS secured operation [2].

Another important issue is the integration of intermittent
energy resources, specifically wind. Due to their high volatil-
ity, it is difficult to guarantee a continuous power supply from
this kind of generation source. In addition, this situation is
exacerbated in the case of higher wind penetration levels due
to their non-dispachable nature and variability, resulting in a
significant operational challenge in distribution systems [10].
Therefore, the integration of intermittent distributed energy
sources for the satisfaction of a flexible demand scheme
involves a need for advanced decision making tools, as well
as additional operational flexibility to guarantee grid stability
and economic operation [11] — [13]. The study presented in
[13] proposes a model with energy storage to investigate the
economic advantage of wind and storage co-location at differ-
ent buses, indicating that the integration of intermittent energy
resources with higher level of penetrations should be supported
using increased operational flexibility. The suggestion indi-
cates that such support in flexibility can be achieved using
energy storage systems, even though their impact depends on
the type and the level of penetration of renewable generation.

Concerning solution approaches, several mixed integer lin-
ear models have been used in literature to minimize operation
costs, considering load and wind power production as stochas-
tic inputs [5]. The solution method based on a stochastic
approach has a series of benefits compared to a determin-
istic approach, because the stochastic approach allows us to
accommodate a higher wind power penetration level without
sacrificing power security [6]. In relation to the commercial
maturity of the solvers, MILP solvers have greater advantage
over solvers for MINLP; in addition, MILP solvers facilitate an
easier formulation and a flexible approach for discrete decision
making, as suggested by [14].

B. Aims and contributions

The main goal of this paper is to evaluate the operational
performance of EDS connected to the main power grid through
a substation, in the presence of DG, considering the impacts
of stochastic wind generation, generic storage systems; mini-
mizing the cost of active power losses, the cost of generations
for each technology and the unserved energy. The novelty of
this work is the analysis of the simultaneous impacts of wind
participation and grid reconfiguration on economic dispatch
on a daily and hourly basis, as well as the impact of storage
location on the minimization of the expected EDS operational
costs. In addition, we aim to illustrate the validity of a
linearized model to evaluate the joint interaction and impact
of high wind power participation, generic storage systems and
conventional generation on economic dispatch problems. The
main contributions of this work are:

1) A SMILP model is used to evaluate the joint impact
of stochastic wind power and a generic storage system
participation on economic dispatch.

2) A linearized model including EDS reconfiguration with
optimum radial topology to increase wind power partic-
ipation is shown.

3) A sensitivity analysis and evaluation of the optimal
economic dispatch is conducted for different storage
costs and storage relocations.
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The paper is structured in the following way: Section II
provides the description of the problem related to EDS anal-
ysis, Section III describes the mathematical formulation of
the problem, Section IV presents the case study, Section V
presents the main results obtained and relevant conclusions
are drawn in Section VI.

II. DESCRIPTION OF THE PROBLEM

Evaluating the impact of the aforementioned multiple fac-
tors on EDS behavior is a complex task. In addition, this
type of challenging distribution operation analysis involves
discrete decisions to guarantee the optimum solution to im-
prove voltage profile, to meet demand and, at the same
time, to manage system imbalances. The integration of wind
resources into EDS network changes the expected behavior
of the network, the power injection being real or reactive
depending on system demand and wind power availability
at the point of connection. Hence, this has a significant
impact on the operation of low voltage networks, and, even
in extreme cases, extended impacts occur in the upstream
medium voltage network. Therefore, a grid operating under
such circumstances requires increasing operational flexibility
and timely decisions, and some of the alternative solutions to
guarantee such flexibility are the use of storage systems and
grid reconfiguration.

In order to evaluate the degree of the impacts of these
random variations on wind power generation and storage par-
ticipation (on an hourly basis and throughout the day) in low
voltage distribution systems, the behavior of the EDS needs to
be studied so that any unexpected operational behavior of the
network arising from wind integration can be addressed. In
the present model a SMILP approach is proposed to analyze
the optimum operation of a 70-bus EDS, shown in Fig. 1,
minimizing operational cost and losses. Hence, the distribution
network behavior is studied in a comprehensive manner under
high wind power scenarios, with storage participation to
stabilize power fluctuations and the uncertainties introduced
by wind generation.
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Fig. 1. 70-bus distribution system.

The theoretical power flow analysis for the current model
is based on the premise of a basic EDS operation, where the
model is applied to evaluate the performance of a weakly
meshed distribution grid.

For the problem formulation, the following assumptions are
taken into consideration [15]:

1) The EDS is assumed to be balanced and represented by
its single-phase equivalent model.

2) In branch ij, bus i is closer to the substation than bus ;.

3) Active and reactive power losses in branch #j are con-
centrated at bus j.

4) Switches exist in all the branches of the network.

Despite the above assumptions, two kind of switches, tie-
switches and sectionalizing switches, are identified in this
model. The optimal configuration is achieved using a math-
ematical formulation of the problem. In order to handle the
status of sectionalizing switches (normally closed) and tie
switches (normally open) the algorithm uses binary variables,
so that the radiality of the network is maintained and all the
loads are supplied. There are no special built-in reconfiguration
switching sequences, however, the mathematical formulation
pursues to establish the optimum flow pattern and the radiality
in the network.

III. PROBLEM FORMULATION

The formulation consists of two parts: objective function
and constraints.

A. Objective function

The objective is to minimize the expected operational cost
of losses, the cost of generations for each technology and the
cost of the unserved energy in the distribution network with
wind generation and storage participation as expressed in (1).
It is important to note that, in (1), the term 12 is the squared
current, I2, playing the role of a linear expression for the
branch ij squared current. In order to reverse the situation
once the optimization process is finalized, the current through
branch jj is computed solving the square root of the 12 output.

min Cost = pr ZZ <Ri7j T2 i - CFOS

t iy
+ PN, CPN + PG .CcY+ P - Cf
+ qu?tc . CSt +RﬁD . OSt + Pi]’\I/;S . ONS) (1)
The operational marginal cost components of the equation
are wind power marginal cost, conventional power marginal
cost, substation or grid power marginal cost, storage charging
and discharging power marginal cost and unserved power
marginal cost. The continuous variable for unserved power is a
marginal cost component of the objective function considered

to penalize (assigning higher costs) the power not supplied in
case the power demand is not satisfied at the specific bus.

B. Constraints

The block of constraints is presented as follows.

1) Power balance constraints: The expressions for the ac-
tive and reactive power balances for the network are presented
in (2) and (3), where the demand should be met by the
generation at each bus. Since the integration of DG introduces
a reverse power flow pattern on EDS branches, a convention to
accommodate both flow directions in branches is adopted [16],
[17] and [18]. Hence, the net flow in branches is considered
as the difference between the normal flow (downstream) and
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the reverse flow (upstream). This convention is applied to the
power balance equation, where the generation power, the net
power flow and the line power loss terms are considered on the
left hand of the equation, and the power demand, the storage
charge and discharge power as well as the unserved power are
considered on the right hand side of the equation, for each
scenario and period as presented below:

7,t,w

) A
)+ Rij - 12ij1.0]

-2
+Z Jyitaw JTL,t w) = sz,:; +

,J,tw_ th

P_SC' _ PSD o P_zVS.

2
Qz t + Q + Q7,f,7u
_Z[( Tj,t,w_QZth)_FXJ I2; ,J,tw]
+Z Fitw ~ Qi) = QP 3)

In the optimization objective function we are minimizing
power losses, among other terms, given by R [2, where
1?2 ~ ((P? + Q?)/V?). Moreover, bus voltage angles are as-
sumed to be close to zero, and bus voltage magnitude differ-
ences are negligible, leading to V' =~ V,,,mina and, therefore,
to 12 =~ ((P%2 + Q?)/(Vaom)?). This expression is the same
as equation (10) of the paper, i.e. V.2 1% ~ P? + Q?, where
the quadratic active and reactive power flows are linearized
in a piecewise fashion according to the expressions in (11)-
(15), avoiding the quadratic terms. This piecewise linearization
method has been proved to be very effective, with a maximum
approximation error of 0.34%, according to [17]. Hence, the
active and reactive power limits are expressed separately, as
in (11) and (12) to facilitate the linearization. Therefore, the
constraints for the maximum branch capacities are expresed
in (4) for active and in (5) for reactive power:

0<(PL+th P;_th)_VNOM.I%AX; (4)
0 < (QFjpa + Qi) S VNOM L IMAX 0 (5)

2) Nominal voltage balance constraints: The nominal volt-
age balance equation for the whole network is provided in
equation (6) considering line voltage drops in ij branches and
an auxiliary variable, U; j ., that accounts for the voltage
drop to satisfy the voltage balance during switching operations.
These auxiliary variables are also considered for the voltage
drop limits given in equations (7) and (8).

V210 = V2w + Uijiw =2 [Rij - (P 0= Piiyw)
X5 (QF i — Qi ju)) — 225 - 12050 = 0. (6)

Constraints in (7) and (8) represent the auxiliary variables
corresponding to the upper and lower limits of permissible
voltage drops in switches during maneuvers. Furthermore, the
maximum current limits for each branch are presented in (9):

4

Ui jtw < UMAX(1 - o); (7
Ui jiw > —UMAX (1 — qy); (®)
0 <12 50w < (M) au 9)

3) Power linearization constraints: Equation (10) relates
the product of quadratic voltages and currents with the finite
sum of the linearized terms of the corresponding set of
piecewise linear equations.

V2NOM 12 0w = Z((Qf — 1DAS;j ftw AP jftw)
f
+ Z((Qf — DAS; jiftw  AQij g tw- (10)

!

The linearization of the non-linear terms is carried out using
a set of linear equations from (11)—(15). These equations con-
stitute the core expressions for the proposed stochastic mixed
integer linear model where the non-linear terms are linearized.
Detailed descriptions and further justifications about the lin-
earization process are found in [15] and [19]. The pieccewise
linearization for the active and reactive approximations are:

(P o T Priv) ZAP,Jf,t,w (11)
(QF 0+ Qi) = ZAQMW, (12)
0< AP ttw < ASz‘,j,f,t,w, (13)
0 <AQij fe0 < ASij fitws (14)

Y NOM | [MAX
ASZ-JJ,LW = L) (15)

F

4) Radiality constraints: Constraint (16) is a necessary
condition to maintain radiality. However, this condition is nec-
essary but not sufficient, as shown in [4], [16], [20] and [17].
In order to reinforce the radiality constraints, some authors
suggest a loop approach [21], [22] and others a spanning tree
[14], [17] searching for a single parent as a necessary condition
to have a radial network topology as described in [19], [23]
and [24].

However, in the present case, this limitation can be over-
come by enforcing local loop radiality constraints in order to
limit the number of branches opened at a time in the spanning
tree. Equation (16) indicates that branch ij is in the spanning
tree (oy=1), either if node j is the parent of node i (B; ;=1) or
node i is the parent of node j (B, ;=1). Equation (18) requires
every node excluding the substation node to have exactly one
parent, while (19) indicates that the substation node has no
parents.

> = (16)
=1
Bi)j + BjJ' = Oy, (17)
Y Bij=1i=2...n (18)
JEN;
By ;=0 (19)
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Bi; € {0,1}; (20)

0<o <L @n

In the proposed model, all branches either have intercon-
nections or sectionalizing switches, which can be opened or
closed using binary variable B ; in order to respect the branch
capacity limits according to (17), until the best topology is
found. In the formulation presented B;;; is used to account
for the hourly reconfiguration analysis.

5) Power factor constraints: Equations (22)—(25) are con-
straints relating active and reactive power for renewable and
conventional generation to account for positive and negative
rates of the power factor, respectively. The power factor
constraints for wind power are shown in (22) and (23), while
(24) and (25) are the rates of the power factors for conventional
generators:

RN

N, < PEN - tan(arccos(0.95)); (22)
AN, > PR, - tan(arccos(-0.95)); (23)
th < cht - tan(arccos(0.99)); 24)

gt > P% - tan(arccos(-0.95)).

— ?

(25)

6) Generic storage constraints: Equations (26)-(30) are
constraints relating storage power and energy [25] and [26].
The storage transition function (26), storage limits (27), stor-
age initialization (28), the initial state of the storage is assumed
to be 50% of its storage capacity, storage withdrawal from the
network (29) and storage injection into the network (30) are
given by:

pSp
Bt = Blia + PIC me = — o= (26)
Nd
0< Ezstf < Er%m 27)
ESt
Bito = 75 28)
0< P < Poce - NIt 29)
0= Pi{;tD <P (1- NZS{) (30)

IV. CASE STUDY
A. Case study network

A case study for the analysis of the operation is carried out
in the 70-bus EDS network shown in Fig. 1. As illustrated
by the figure, the EDS is connected to a substation at node
1, conventional generation is located at node 25 with a
maximum capacity of 0.3 p.u., wind generation is located
at node 61 with a maximum capacity of 1.71 MVA, which
represents a penetration level of 36.6%, and a storage unit
is connected at node 33 with a maximum capacity of 0.3
p-u. The number of blocks used for the linearization is 5. A
higher number of blocks would be more CPU-time consuming
but the results obtained were practically the same. In order
to evaluate the degree of impacts of wind participation and

storage on the economic dispatch of the distribution system,
two types of operation setups are considered. The first setup
is the base case with an active power of 3.802 kW and
a reactive power of 2.694 kVAr, where no participation of
distributed resources is taking place, this being our benchmark
distribution system for operation analysis. Hence, the total
power demand in the distribution network is met using a
single substation connected to the grid, while, for the second
setting, the substation together with the grid are connected
to distributed resources comprising conventional generation,
wind generation and storage. In addition, the EDS has two
types of reconfigurations: i) the daily configuration, which is
a fixed configuration during a period of 24 hours, with the
possibility to curtail part of the wind production, and ii) the
hourly configuration, where the EDS is reconfigured every
hour, allowing to absorb the entire wind production.

In both cases, the aim is to satisfy a maximum peak load
of 4.66 MVA during a period of 24 hours. The economic
impact of wind generation as well as the storage participation
is evaluated through sensitivity analysis. An additional impact
assessment is made swapping the storage location with con-
ventional generation, the initial storage location being at node
33 and conventional generation at node 25, as illustrated in
Fig. 1.
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Fig. 2. Substation energy cost profile.

The cost of substation C*° is represented as an hourly
curve in Fig. 2. The following marginal costs are assumed:
for conventional generation C¢ = €150/MWh [27]. For line
losses, CLOSS = €5/MWh; for wind generation, C#N =
€17/MWh [28]. For a generic storage model with a maximum
capacity of 0.3 p.u. we have assumed a marginal cost C'%*
= €5-17/MWh [29]. In addition, in order to penalize the
consequences of any unserved energy, we have assumed a
maximum cost of CVS = €200/MWh. The unserved energy,
defined as a continuous variable, is the cost component of
the objective function, considered for penalizing (assigning
higher costs) unserved energy, where this variable should be
minimized since its role is to raise the system cost in case the
demand at a specific bus is unsatisfied.

B. Power demand profiles

The demand profile is obtained from the Iberian electricity
market web site [30], in this case the power demand for the
Canary islands on January 31, 2015, for a period of 24 hours.
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In order to keep the scale factor and the demand profile, the
latter is normalized dividing each nodal demand by the base
load, this being 5 MW, a load that is slightly bigger than all
the network loads considering the load variation for a period
of 24 hours of operation. Hence, it represents the minimum
(valley) and maximum (peak) loading limits. For the present
case study, the maximum demand is located at node 61, where
wind generation is also located.

C. Wind power scenarios

Concerning the hourly profile for renewable power genera-
tion, there are several ways of generating hourly wind power
data in a synthetic way in literature. Nevertheless, the present
model uses synthetically-generated stochastic wind scenar-
ios which consider the autocorrelation that exists between
consecutive observations of the wind power time series, the
hourly profile of the expected wind power production and its
corresponding forecasting error, as proposed by [31].

The initial profile is obtained from the Spanish market
operator’s website [32], for the wind power generation for
24 hours, as illustrated in Fig. 3. This reference data is used
as an average forecast value for wind generation assuming
a standard deviation of 15%. The scenario generation pro-
cess consists of producing several randomly-generated sets
of scenarios, using a first-order AR Markov process. Then,
generation data are obtained using a probability transformation
process similar to the one used in HOMER [33] to generate
a synthetic wind generation profile. Some scenarios with
extreme and unlikely values are excluded from the set of
scenarios according to the magnitude of the forecasting error,
if they are within the confidence intervals in all hours. After
this filtering is performed, for the remaining sets, the scenarios
are selected applying the K-means clustering algorithm. This
way a combination of correlated behaviors and hourly profiles
of wind generation scenarios provides the expected wind
power production. A detailed explanation of the specific details
for the generation of synthetic wind scenarios can be found in
[31].
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Fig. 3. Wind power scenarios.

Consequently, the scenarios shown above are selected ac-
cording to the estimated forecasting error, giving a more con-

sistent set of generation scenarios. The renewable generation
model comprises 20 wind scenarios with hourly generation.
The model is programmed in GAMS [34] using CPLEX solver
in a computer with a Xeon E5-2687W processor at 3.1 GHz
and 256 GB of RAM.

V. RESULTS

The stochastic mixed linear programming (SMILP) pre-
sented has two stages; solved at the same time, as shown in
equation (1). The stochasticity of wind generation is consid-
ered by means of 20 scenarios, where each of them has an
equal probability of occurrence. For the resolution of the prob-
lem, a stochastic programming was chosen, where we can con-
sider the uncertainties of the wind power generation to find an
optimal solution considering all feasible options. Meanwhile,
the deterministic option requires defined parameters and can-
not deal with uncertainties. In this section, the results for the
optimum reconfiguration and economic dispatch are presented
for a daily configuration and for an hourly reconfiguration,
where the impact of grid reconfiguration, wind participation
and storage relocation on grid parameters is evaluated. Grid
reconfiguration is performed using a mathematical formulation
with appropriate constraints to guarantee the optimal radial
configuration of the EDS. Also, the distribution grid has a set
of ten switches, four tie switches (16-47, 28-66, 51-60, and
65-66) and the rest are sectionalizing switches (12-44, 13-14,
14-22, 15-16, 56-57, 62-63). The result shows that, out of
ten switches, a maximum of five switches are necessary to
guarantee grid radiality. Hence, according to the specific case
of storage relocation, the following switches remain open as
seen in Table 1.

TABLE 1
HOURLY AND DAILY RECONFIGURATION

Hourly reconfiguration Daily reconfiguration

Switches open Sectionalizing Tie Sectionalizing Tie
Storage location at bus 25 15-16, 56-57, 65-66 14-22, 12-44 13-14, 51-60, 62-63 14-22, 1244
Storage location at bus 33 15-16, 56-57, 65-66 14-22, 12-44 15-16, 56-57, 28-66 14-22, 12-44

In Fig. 4 a voltage profile comparison is made for the base
case scenario versus the daily single configuration and the
hourly reconfiguration for the average wind power scenarios.
The further we move from the substation to the last bus,
the higher the voltage volatility. It is important to note that
the incorporation of renewable generation at bus 61 and
storage at bus 33 reduces voltage volatility considerably, while
conventional generation at bus 25 is not accountable for that.

In addition, a comparison of the average voltage profiles for
different reconfigurations versus the base case shows a tangible
voltage profile improvement, which is more remarkable at
buses 5-30 and buses 50-68. Specifically, the improvement
in voltage profiles takes place at locations where there is
storage and wind power injection, whereas the effect of such
improvement in voltage profiles vanishes across the buses,
far from these improvement points (buses). Comparing the
impacts of reconfiguration on the voltage profiles for the daily
reconfiguration versus the hourly reconfiguration, the hourly
reconfiguration enhances the voltage profile significantly, es-
pecially where DG and storage are located, as shown in Fig.
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Fig. 4. Voltage profiles for the base case and different storage locations.

4. This is due to the fact that the grid is reconfigured (adapted)
hourly to absorb the maximum possible wind generation. Even
though this operation mode might be difficult to implement,
this could be a snapshot of how future smart grid capabilities
would look like.

Meanwhile, for the storage location at bus 33 (closer to
the substation, as shown in Fig. 1), the hourly reconfiguration
in Fig. 4 as well as the daily reconfiguration provide better
voltage profiles compared to the storage location at bus 25 (in
the middle of the network), as shown in Fig. 1). Such voltage
profile improvement is true, with the exception of buses far
from each storage location.

In Fig. 5, the power profile for the daily network reconfig-
uration (fixed configuration) with storage location at bus 33
is presented for a storage cost of €17/MWh. In this case, a
greater portion of the power demand is satisfied but there is
still unserved energy at both peak hours (in periods 12-17 and
21-23) This means that a significant amount of wind power is
spilled (difference between wind power generation and actual
wind utilization) at the beginning (in periods 1-8), which could
be stored. However, the amount of energy stored is limited to
0.1 p.u. despite storage charging taking place at the beginning
of the period in a peak wind period and storage discharging
in a peak demand period.

In this case, when the storage is located at bus 33 (far
from the wind generation), it is observed that the storage
charging rate is low, due to the losses related to its distance
from DG sources. However, this storage location helps to
reduce the voltage drops in the main branch connected to the
substation. In other words, the location of the storage at bus
33 enhances the voltage profile, but yields a lower storage
capacity utilization. In contrast, if the storage is placed in the
middle of the grid (at bus 25), as shown in Fig. 6., in addition
to be closer to the wind generation, the storage is more charged
compared to the location at bus 33. This is possible due to the
fact that the storage at bus 25 is supplied by the injections from
all sources at the expense of having voltage drops upstream,
downstream and at the main branch, causing a lower voltage
profile. In spite of this fact, the location at bus 25 provides
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Fig. 5. Power profile for daily reconfiguration and storage at bus 33.

a better storage capacity utilization for all the reconfiguration
options.

In the aforementioned case, it is proved that storage charges
partially, even for a storage cost as low as €5/MWh, since grid
reconfiguration is not taking place to absorb the maximum
wind power. Nevertheless, the amount of energy stored for a
lower cost is bigger compared to the high cost case. In the
case, when storage is located at bus 25, it is able to capture a
significant amount of energy, as shown in Fig. 6 compared to
the storage location at bus 33. This is due to lower resistive
losses, given its proximity to wind generation. In addition,
the energy stored and the discharge process are progressive
(periods 1-21) as shown in Fig. 6.
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Fig. 6. Power profile for daily reconfiguration and storage at bus 25.

This can also be noted comparing the substation power par-
ticipation. The difference between wind power generation and
the actual wind utilization (spillage) for the storage location
at bus 25 is less in comparison to the storage location at bus
33. This is due to the fact that storage at this location acts as
an additional power support to the downstream buses. It can
be noted that the storage location at bus 33 has disadvantages,
mainly because the storage is not able to store the maximum

1949-3029 (c) 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSTE.2016.2546279, IEEE

Transactions on Sustainable Energy

0.9
0.8 1

0.7 T

0.6
w“"

=
n
T

@ Power demand
Power generation

—4&— Substation power

i Wind power generation

=0~ Actual wind utilization

Storage charge power

e Storage discharge power

+ Power losses.

Power [p.u.]
S
=
T

o
w
T

0.1

25

Periods [h]
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possible wind power due to the longer distance from bus 61
(wind location) to bus 33 (storage location), constrained by
higher resistive power losses. As a result, the amount of energy
stored is reduced by half, compared to the storage location at
bus 25, as illustrated in Fig. 6.

The power profile for the hourly reconfiguration is illus-
trated in Fig. 7 for the storage location at bus 33 and the
power profile for the storage location at bus 25, as illustrated
in Fig. 8. Unlike the case of daily reconfiguration, the grid
is reconfigured cach period in order to fully utilize wind
generation. Therefore, the participation of the substation is
significantly reduced at the beginning of the period, where
wind generation is directly used to satisfy the demand. In
both cases, a storage cost of €17/MWh has been assumed
for charge and discharge. As a result, it can be noted that the
substation power contribution in the first section (periods 1-
8) is lower, while the contribution of wind is the maximum
possible, as presented in Fig. 7.
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Fig. 8. Power profile for hourly reconfiguration and storage at bus 25.

In addition, for the case of storage located at bus 33,
the energy storage is not significant compared to the storage
capacity (0.3 p.u.). In contrast to the storage location at bus
25, the energy stored is comparable to the storage capacity
(0.3 p.u.) in the first period, as shown in Fig. 8. Similar to the
aforementioned case, wind generation is used to satisfy the

900 T T

—(— Power losses for base case scenario

1 Average losses for daily reconfiguration storage at 33

i | O Average losses for daily reconfiguration storage at 25

i| —@— Average losses for hourly reconfiguration storage at 33
i| —#— Average losses for hourly reconfiguration storage at 25

P

3

S
T

Power loss [kW]
s
S
T

|
2 4 6 8 10 12 14 16 18 20 22 24
Periods [h]

Fig. 9. Power losses for the base case and storage at buses 25 and 33.

demand, so that the power supply of the substation is reduced
in comparison to the daily reconfiguration.

In all cases the storage located at bus 33, which is closer to
the substation, behaves as a high demand bus: whenever the
cost of electricity is lower the storage is charged, but not at full
capacity, due to higher line resistive losses. On the contrary,
the storage located at bus 25 (in the midstream of the network)
is charged to its maximum value, allowing for a higher storage
capacity and a better energy utilization.

Fig. 9 shows the power losses for the base case, daily and
hourly reconfigurations, as well as the impact of swapping
the storage locations from bus 25 to bus 33. Note that, when
the wind power is minimum in the periods between hours
10-22, the power loss for the base case and for the rest of
the cases is comparable (between 200-400 kW). On the other
hand, the impact of the storage location on the amount of
losses is minimal, in comparison to the impacts produced by
the reconfigurations.
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Fig. 10. Sensitivity analysis of storage location for changes in costs.

This means that, for hourly reconfigurations (for storage
locations at buses 25 and 33), the difference in losses between
them is minimal, but they have similar losses compared to
the base case. Meanwhile, for the daily reconfiguration case,
the losses are almost doubled, even though the difference
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for storage locations 25 and 33 is comparable, peak losses
occurring for a higher wind participation and storage charg-
ing. This result is consistent with the drawbacks explained
previously about losses with the storage located at bus 33,
with the exception of the charging and discharging periods. A
sensitivity analysis is presented in Fig. 10 for the expected cost
versus storage locations at buses 33 and 25, using daily and
hourly network reconfigurations with variable storage costs.
In this figure it can be seen that the expected cost improves
for the daily and hourly network reconfigurations compared
to the base case scenarios, especially for a storage cost lower
than €17/ MWh. The sensitivity analysis considering different
storage marginal costs shows that a further decrease in the
storage marginal cost to less than Euro 17/ MWh does not nec-
essarily guarantee a significant reduction in the expected cost
objective. Comparing the reductions of the expected costs, the
hourly configuration yields a better cost reduction. In relation
to the impact of the storage location on cost reduction, no
major expected cost reduction is achieved through swapping
storage locations 25 and 33.

VI. CONCLUSIONS

This paper presented a 70-bus EDS on operation of wind
and storage short-term impact analysis, using stochastic mixed
integer linear programming. The new proposed SMILP model
considered a single substation, wind generation, conventional
generation and generic storage, with daily and hourly config-
urations, where the radiality of the EDS was guaranteed. As a
result of network reconfiguration the voltage volatility for each
bus was reduced incorporating wind generation and storage
at specific buses. In addition, an analysis of their impacts
on EDS performance was performed observing a reduction
of the expected costs as well as the resistive losses. The
participation of wind and storage, in spite of their substantial
contribution on the improvement of the voltage profile, had
a significant impact on the amount of resistive losses and
expected system costs. Eventually, a sensitivity analysis on the
impact of the location of storage on the expected costs was
conducted. There was a meaningful reduction in the expected
costs of EDS operation supported by DG in coordination with
the substation. On top of that, the expected costs of the system
were significantly reduced due to a higher participation of
wind power. Broader analysis, considering multiple generation
and storage even enforcing negative impacts on the system,
would produce dramatic changes in the results and that would
be interesting as a future research topic.
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