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Pilar Meneses de Quevedo, Javier Contreras, Fellow, IEEE, Marcos J. Rider, Member, IEEE, and Javad Allahdadian

Abstract—In case of abnormal conditions, distribution systems
should be reconfigured to overcome the impacts of outages such
as overloads of network components and increased power losses.
For this purpose, energy storage systems (ESS) and renewable
energy sources (RES) can be applied to improve operating con-
ditions. An optimal contingency assessment model using two-stage
stochastic linear programming including wind power generation
and a generic ESS is presented. The optimization model is applied
to find the best radial topology by determining the best switching
sequence to solve contingencies. The proposed model is applied to
a 69-node distribution system and the results of all possible con-
tingencies in the network are examined considering three different
case studies with several scenarios. In addition, a reconfiguration
analysis including all the contingencies is presented for the case
studies.

Index Terms—Contingency analysis (CA), distributed genera-
tion (DG), islanding, optimal power flow, stochastic programming,
storage devices.

NOTATION

Indexes:
i, j, k Node index.
r Block index of linearization.
t Real-time period index on a 10-min basis.
ω Scenario index.

Parameters:
Csw Switching cost ($).
C loss Real power losses cost ($/MWh).
Cw_curt Wind curtailment cost ($/MWh).
Cd_curt Real power demand curtailment cost ($/MWh).
Csub Cost of real power from substation ($/MWh).
Csp Production scheduled cost ($/MWh).
Css Storage scheduled cost ($/MWh).
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C rp Production scheduled reserve cost ($/MWh).
C rs Storage scheduled reserve cost ($/MWh).
Ĉ rs Real-time energy storage cost ($/MWh).
Ĉ rp Real-time energy production cost ($/MWh).
Cij State of a contingency in branch ij.
ditω Real power demand at node i (MW).
qitω Reactive power demand at node i (MVAr).
iniij Initial state of a switch in branch ij.
Iij Maximum current flow in branch ij (A).
mijrtω Slope of the rth block for branch ij.
Nloop Number of switches in a loop.
PFi Power factor (PF) of the load at node i.
P fore
itω Wind real power forecast at node i (MW).
Rtot Total number of blocks in the piecewise

linearization.
ssi , s

s
i Minimum/maximum power storage at node I

(MW).
spi , s

p
i Minimum/maximum production at node i (MW).

Rij Resistance of branch ij (Ω).
Xij Reactance of branch ij (Ω).
Zij Impedance of branch ij (Ω).
Vnom Nominal voltage of the distribution network (kV).
V i, V i Minimum/maximum voltage at node i (kV).
W Upper bound of variable Wijtω (kV).
xsi0 Initial energy level of storage unit at node i (MWh).
xi, xi Min/max storage capacity at node i (MWh).
ηsi , η

p
i Efficiency storage/production rates.

ΔSijrtω Upper bound for the rth block of the power flow
through branch ij.

Δ Real-time period (10 min) (h).

Nonnegative variables:
I2ijtω Square of the current flow of branch ij (A2).
Pwind
itω Real power wind generation at node i (MW).
Pw_curt
itω Real power wind curtailment at node i (MW).
P dcurt
itω Real power demand curtailment at node i (MW).
P 2
ijtω Square of the real power in branch ij (MW2).
Q2

ijtω Square of the reactive power in branch ij (MVAr2).
P+
ijtω Real power flow in branch ij, downstream (MW).
P−
ijtω Real power flow in branch ij, upstream (MW).
Q+

ijtω Reactive power flow (downstream) (MVAr).
Q−

ijtω Reactive power flow (upstream) (MVAr).
rpi , r

s
i Scheduled power production/storage reserve

(MW).
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r̂pitω, r̂
s
itω Real-time production/storage reserve (MW).

spi , s
s
i Scheduled power production/storage (MW).

V 2
itω Square of the voltage magnitude at node i (kV2).
W 2

ijtω Square of the voltage drop for branch ij (kV2).
x̂itω Storage level at node i (MWh).
ΔPijrtω Value of the rth block of real power (MW).
ΔQijrtω Value of the rth block of reactive power (MVAr).

Free variables:
P sub
itω Real power of a substation at node i (MW).
Qsub

itω Reactive power of a substation at node i (MVAr).
Qwind

itω Reactive power of wind generation at node i
(MVAr).

Qdcurt
itω Demand reactive power curtailment (MVAr).

Binary variables:
vP+
ijtω Variable related to real power (upstream).

vP−
ijtω Variable related to real power (downstream).

vQ+
ijtω Variable related to reactive power (upstream).

vQ−
ijtω Variable related to reactive power (downstream).
vsit, v

p
it Variables related to storage or production.

yij State of the switch in branch ij.

I. INTRODUCTION

C ONTINGENCY analysis (CA) provides tools to study
contingencies in electrical networks and analyze their

behavior in case of outages in one of the electrical com-
ponents such as lines, transformers, and generators. Several
studies have been carried out to assess contingencies in elec-
trical networks. The comparison of some techniques such as
ranking, screening, bounding, and fast power flow techniques
has been done in [1] and [2]. Methods such as genetic algo-
rithms [3], [4], bi-level programming [5], and other new power
flow calculation approaches [6] have been developed to solve
CA problems. Likewise, in terms of behavior assessment of
power networks, some works have been presented to evaluate
voltage security [7], [8], operation of transmission networks
[9], [10], and optimal switching under N − 1 contingencies
[11]–[13].

Moreover, reconfiguration of distribution systems (RDS)
aims at finding the best topology of the system concerning
power losses, energy demand, and operational performance. In
general, two major groups of optimization methods have been
represented to solve the RDS problem: 1) exact techniques
and 2) heuristic and metaheuristic techniques. In literature,
exact techniques such as branch and bound are only used to
solve relaxed models [14]–[18]. On the contrary, heuristic and
metaheuristic methods such as ant colony [19], [20], genetic
algorithms [21]–[23], and particle swarm optimization [24]
have been applied for complete models.

In particular, RDS can be used to improve the operation
of distribution systems in case of contingencies, considering
renewable energy sources (RES) and energy storage systems
(ESS) in electrical networks. Although the availability of RES
and ESS can be seen as an opportunity to exploit available

resources near loads and compensate energy demand, prob-
lems may arise due to the intermittency and uncertainty of RES
[4], [25] and the integration of ESS into electrical distribution
systems (EDS) [26], [27].

A mixed integer linear programming (MILP) reconfigura-
tion model under an N − 1 reliability criterion using stochastic
programming considering wind energy and ESS in EDS is
introduced. The steady-state operation of a radial EDS is com-
plicated to model linearly; hence, an alternative current (ac)
flow is approximated through linear expressions. The proposed
model also includes switching operation, intermittent RES, and
generic ESS. The analysis ofN − 1 contingencies is performed
using a contingency parameter per branch to locate the fault in
the branch.

Due to several technical reasons such as low cost opera-
tion, simplicity of analysis and coordination, and reduction of
short circuit current, EDS must operate with a radial topology
(even with a meshed structure). In addition, MILP is applied,
in this paper, due to the following advantages: 1) the math-
ematical model is robust; 2) the computational behavior of
a linear solver is more efficient than nonlinear solvers; and
3) using classical optimization techniques, convergence can be
guaranteed.

The main contributions of this paper are as follows.
1) Regarding the methodology, a two-stage stochastic math-

ematical MILP for contingency response is introduced
to consider the inconsistency and intermittency of the
renewable power sources.

2) From a modeling perspective, a joint programming model
of the optimal reconfiguration and contingency evalua-
tion is presented here for a distribution system. However,
in the literature, optimal switching under contingency
conditions is reported only for transmission networks
[11]–[13].

3) The benefits of combining RES with ESS in distribution
networks, especially under contingencies and abnormal
conditions, are analyzed.

Another relevant aspect of the presented optimization model
is the minimization of the overall operation costs, including
switching and demand and wind curtailment costs. Note that
the problem formulation assumes that the overall investment
costs have already been minimized in a previous planning
phase where the best locations for wind and storage have been
selected in advance.

This paper is organized as follows. Section II describes the
mathematical formulation of generation and storage models.
Section III defines the mathematical model as a stochastic
MILP. The main results of the case studies considering contin-
gencies and reconfigurations are shown in Section IV. Finally,
conclusion is presented in Section V.

II. STORAGE MODELING

In modern power systems, storage devices have grown
rapidly. ESSs are integrated into EDS to consider several pur-
poses such as meeting real-time power demand, smoothing
output power of RES, improving power system reliability,
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and being economically efficient [28]. Thus, a generic storage
system is modeled as follows:

ssi ≤ ssi + rsi ≤ ssiv
s
it (1)

spi ≤ spi + rpi ≤ spi v
p
it (2)

0 ≤ r̂pitω ≤ rpi (3)

0 ≤ r̂sitω ≤ rsi (4)

xi ≤ x̂itω ≤ xi (5)

x̂itω = x̂it−1ω +Δ [ηsi s
s
i − (1/ηpi ) s

p
i ] (6)

+Δ [ηsi r̂
s
itω − (1/ηpi ) r̂

p
itω]

x̂it=0ω = xs0 (7)

vpit + vsit ≤ 1. (8)

The minimum and maximum storage limits (charge) and pro-
ductions (injection into the network) are defined in (1) and (2).
It is worth noting that ssi and spi are implemented in these equa-
tions to smooth the output power of the storage unit and rsi /r

p
i

to guarantee that real-time power balance is within the storage
capacity. In (3) and (4), the actual real-time reserves are con-
fined to the maximum reserve bounds rsi /r

p
i . The upper and

lower bounds of energy capacity in storage units are defined
by (5). The ESS transition function is represented by (6).
Equation (7) limits the remaining energy in the storage unit.
Finally, in (8), binary variables vpit and vsit are defined and
added to (1) and (2) to avoid producing and storing energy
simultaneously.

III. STOCHASTIC FORMULATION OF CONTINGENCY

ASSESSMENT AND NETWORK RECONFIGURATION

The following assumptions are defined to represent the sim-
plified operation of EDS including switches, generation, and
storage devices.

1) The load pattern in EDS is altered every 10 min.
2) EDS are balanced three-phase systems and can be repre-

sented by an equivalent single-phase circuit.
3) Storage energy losses are ignored.
4) Storage and production of energy occur at constant power

in storage units during real-time periods (10 min).
5) The location of storage units has already been defined in

the planning phase.
6) Wind turbines are located at nodes with high demand.
7) The maximum contingency duration is 1 h, considering

wind scenarios, which is divided into 10-min periods (six
periods).

8) Faults are considered in feeders and circuit breakers.
9) Islanded radial operation of the system is possible with

distributed generation (DG) integration.
To distinguish the direction (sense) of the current and power

flow (forward or backward), two positive separate variables are
shown in Fig. 1.

Fig. 1. Illustrative radial distribution system.

A. Objective Function

The objective function is formulated through two-stage
stochastic programming as shown in (9)–(13). At the first
stage, regardless of scenarios, i.e., only considering contin-
gency conditions, the cost of opening and closing switches
and the scheduling of storage units are assigned. At the sec-
ond stage, the expected values of the total cost of power losses
in the network, the cost of real-time production/storage of the
storage units, and the cost of curtailment of both generation
and demand, with respect to different scenarios and contin-
gency conditions, are assigned. At the first stage, the variables
are only related to contingency conditions and variables are
relevant to both contingencies and scenarios at the second
stage.

Objective function:

min φ+ γ + E [ψ (ω)] + E [K (ω)] (9)

where the first stage is given by φ+ γ:
1) Switching cost

φ =
∑
ij

iniij = 0

yijC
sw +

∑
ij

iniij = 1

(1− yij)C
sw. (10)

2) Scheduled production/storage cost function

γ =
∑

i
[ssiC

ss + spiC
sp + rsiC

rs + rpiC
rp] . (11)

Next, the second stage is given by ψ (ω) +K (ω):
1) Network costs (losses and substation costs)

ψ (ω) = Δ
[∑

t

∑
ij
RijI

2
ijtωC

loss +
∑

t

∑
i
P sub
itωC

sub
]
.

(12)

2) Corrective action costs (curtailment and real-time produc-
tion/storage costs)

K (ω) = Δ
[∑

t

∑
i

(
Pw_curt
itω Cw_curt + P d_curt

itω Cd_curt

+ r̂pitωĈ
rp + r̂sitωĈ

rs
)]
. (13)

B. Constraints

The above objective function is subject to a set of constraints
to assure optimal operational conditions.
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1) Real-Time Power Balance Equations: Real power of
wind including curtailment is represented in (14)

Pwind
itω = P fore

itω − Pwcurt
itω . (14)

Equations (15) and (16) represent the real and reactive power
balances at node i, respectively (see Fig. 1). For both active
and reactive power, wind power generation, scheduled produc-
tion/storage, real-time production/storage power of ESS, the
power flow from/to the substation, and power demand curtail-
ment are considered. In addition, wind generation curtailment
has already been formulated in (14)

Pwind
itω +

∑
j

(
P+
jitω − P−

jitω

)−
∑

k

[(
P+
iktω − P−

iktω

)

+RijI
2
ijtω

]
+ P sub

itω + (r̂pitω − r̂sitω) + (spi − ssi )

= ditω − P dcurt
itω (15)

Qwind
itω +

∑
j

(
Q+

jitω −Q−
jitω

)

−
∑

k

[(
Q+

iktω −Q−
iktω

)
+XijI

2
ijtω

]
+Qsub

itω

= qitω −Qdcurt
itω . (16)

2) Load PF: The following constraint is considered to keep
the initial load PF:

Qdcurt
itω = P dcurt

itω ∗ (tan (arc cos (PFi))) . (17)

3) Voltage Drop Equations: The square value of the volt-
age drop between nodes is represented in (18) as an auxiliary
variable W 2

ijtω , which is related to switching operations and
contingencies

V 2
itω − 2

(
Rij

(
P+
ijtω − P−

ijtω

)
+Xij

(
Q+

ijtω −Q−
ijtω

))

− Z2
ijI

2
ijtω − V 2

jtω +W 2
ijtω = 0. (18)

The upper and lower bounds of the square of the voltage
deviation for node i are defined by (19)

V 2 ≤ V 2
itω ≤ V

2
. (19)

In constraints (20) and (21), W 2
ijtω = 0 in case of operation

of branch ij (Cij = 1) or switch closure (yij = 1). To satisfy

constraints (15) and (16), a proper value for parameter W
2

should be set to give a sufficient degree of freedom for W 2
ijtω

W 2
ijtω ≥ −W̄ 2 (1− yij) (1− Cij) (20)

W 2
ijtω ≤ W̄ 2 (1− yij) (1− Cij) (21)

4) Nonlinear Apparent Power Equation: The current flow
magnitude calculation is represented by nonlinear constraint
(22), where both sides of the constraint are linearized as
explained in Section III-D

V 2
jtωI

2
ijtω = P 2

ijtω +Q2
ijtω. (22)

5) Current and Power Magnitude Limits: Due to thermal
limits in EDS, a set of constraints is introduced for current,
real power, and reactive power in (23), (24)–(25), and (26)–
(27), respectively. In addition, vP+

ijtω , vP−
ijtω , vQ+

ijtω , and vQ−
ijtω are

binary variables to avoid considering forward and backward
power flows simultaneously. The constraints (23)–(27) define
the limits through switching devices in branches if they are
closed; otherwise, all magnitudes are equal to zero. Note that
(24)–(27) are auxiliary constraints to improve the convergence
of the proposed model

0 ≤ I2ijtω ≤ I
2

ijCijyij (23)

P+
ijtω ≤ VnomIijv

P+
ijtω (24)

P−
ijtω ≤ VnomIijv

P−
ijtω (25)

Q+
ijtω ≤ VnomIijv

Q+
ijtω (26)

Q−
ijtω ≤ VnomIijv

Q−
ijtω (27)

vP+
ijtω + vP−

ijtω ≤ yij (28)

vQ+
ijtω + vQ−

ijtω ≤ yij . (29)

C. Radial Configuration

The configuration of the network is radial by introducing
constraint (30), i.e., the number of closed switches in any
loop has to be less than the total number of switches in that
loop. Therefore, by having at least one open branch in a loop,
only a radial configuration of the network is feasible with the
possibility of having one or more radial island(s) [29], [30]

∑
ij
Cijyij ≤ Nloop − 1. (30)

Obviously, a branch between nodes i and j is disconnected in
case of a contingency in that branch. Therefore, binary param-
eter Cij is added to (30) to show that the branch is open in the
mentioned case.

D. Linearization Procedure

The applied equations in the optimization problem are lin-
ear, excluding (22), which makes the model nonlinear. To cope
with this problem, a linear approximation is proposed [31].
Both the left and right sides of (22) are nonlinear and both
should be linearized separately. Note that V 2

jtω and I2ijtω are
variables that represent the square magnitude values of voltages
and currents, respectively, and they are used in (15)–(19), (22),
and (23). In the following, the linearization process of (22) is
described.

1) V 2
jtωI

2
ijtω: The product of two variables is linearized by

discretizing V 2
itωin small intervals. However, this leads to

an increase in the number of binary variables and compu-
tation time. Since the voltage magnitude is within small
range in EDS, a constant value V 2

nom is selected and sub-
stituted for V 2

jtω in (22) for the first iteration. Then, the
model is run again and V 2

jtω takes the value resulting from
the first iteration. Note that V 2

jtω hardly changes after the
second iteration.
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Fig. 2. Modeling the piecewise linear function P 2
ijtω .

2) P 2
ijtω +Q2

ijtω: The linearization of both terms on the
right side of (22) is carried out by a piecewise linear
approximation, as follows:

P 2
ijtω +Q2

ijtω =
∑

r
(mijrtωΔPijrtω)

+
∑

r
(mijrtωΔQijrtω) (31)

P+
jitω + P−

jitω =
∑

r
ΔPijrtω (32)

Q+
jitω +Q−

jitω =
∑

r
ΔQijrtω (33)

0 ≤ ΔPijrtω ≤ ΔSijrtω (34)

0 ≤ ΔQijrtω ≤ ΔSijrtω (35)

where

mijrtω = (2r − 1)ΔSijrtω (36)

ΔSijrtω =
(
VnomIij

)
/Rtot (37)

Note that mijrtω and ΔSijrtω are constant parameters and
(32) and (33) are a set of linear expressions. Likewise, (31) is
a linear approximation of (P 2

ijtω +Q2
ijtω) and, (32) and (33)

represent that (P+
jitω + P−

jitω) and (Q+
jitω +Q−

jitω) are equal to
the sum of the values in each section of the discretization. As
shown in (31)–(33) and Fig. 2, the right side of (22) can be
replaced with the right side of (31) to form a linear equation

V 2
nomI

2
ijtω =

∑
r
(mijrtωΔPijrtω) +

∑
r
(mijrtωΔPijrtω).

(38)

The linear form of (22) is shown in (38). In this equa-
tion, V 2

nom is constant and
∑

r (mijrtωΔPijrtω) and
∑

r

(mijrtωΔQijrtω) are linear. The linearization of the active
power flow is shown in Fig. 2.

IV. CASE STUDIES

A. Network Overview

To evaluate the behavior of the proposed model, a 69-node
network is considered and network data come from [32]. Fig. 3

Fig. 3. 69-node network topology under a contingency in branch 3-29.

TABLE I
SWITCH DATA FOR THE 69-NODE SYSTEM

TABLE II
COST DATA FOR 69-NODE SYSTEM ($/MWH)

depicts the 69-node network where the green nodes are not con-
nected to loads and the locations of wind turbines and storage
units are represented. The network is connected to a substation
at node 1. The network contains 74 branches, 5 sectionalizing
switches, and 5 tie-switches as shown in Table I, considering
negligible opening and closing operation costs.

Other network costs are shown in Table II. The maximum
current flow in the branches is 150 A, excluding branches L1−2

(line from nodes 1 to 2), L2−3, and L3−4 with a maximum
current limit of 100 A. Since the voltage values vary through
iterations, the upper and lower voltage limits are defined as 1.1
and 0.9 p.u., respectively. In the linearization, 20 discrete blocks
are considered. The total real power demand is 1.103 MW and
the total time horizon is 1 h divided into 10 min periods. The
demand data, recorded every 10 min, is collected from the
Iberian Electricity Market [33], on March 20, 2014, and the
contingency is assumed to occur at 4 A.M. Moreover, wind
turbines are located at nodes 12, 34, and 62 with a produc-
tion share of 16%, 34%, and 50%, respectively, and the total
installed wind generation capacity is 0.45 MW. Two equal stor-
age units are located at nodes 30 and 51, with a capacity of
0.15 MW allocated to each, and their initial energy levels are
set to 50% of their capacities. The upper and lower limits of
power storage/production in ESS are 0.075 MW.

B. Wind Production Scenarios

The exploitation of RES, especially wind, has had an
upward trend leading to intermittency and uncertainty of power
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Fig. 4. Three different wind power point forecast and stochastic scenarios.

generation. In order to analyze the network under different
conditions, three different stochastic levels of wind genera-
tion are introduced (low, mean, and high) as 1.5%, 16%, and
34% of the total demand. In this regard, to represent intermit-
tency of wind power, 200 wind scenarios have been generated
randomly by implementing Monte Carlo simulation under a
cone of uncertainty, with the maximum error of 15% in 1 h
for each forecast, as applied in [34] and [35]. The number of
wind scenarios has been limited to 10 to minimize the dimen-
sionality in the problem formulation maintaining accuracy in
the results, by implementing a clustering mechanism, the K-
means method, taking into account sequences of wind values
every 10 min (six values) per scenario. This method can be
used to partition a given set of scenarios into a given number
of clusters. As a result of this partition, scenarios with similar
features are assigned to the same cluster. The centroid of each
cluster represents a somewhat average pattern of all the sce-
narios included in a cluster. Since this centroid is artificial, the
original scenario with the lowest probability distance from the
centroid is used to represent the cluster [36]. Three levels of
wind power generation and their corresponding scenarios are
illustrated in Fig. 4. Due to the different PF of loads, commonly
between 0.7 and 0.9, reactive power compensation is consid-
ered in wind turbines to keep grid security especially in case of
islanding.

C. Contingency Analysis

In order to analyze the benefits of introducing renewable
generation and storage units in EDS, three case studies under
an N − 1 criterion are represented: 1) CA without RES and
ESS; 2) CA including RES; and 3) CA including RES and
ESS. This is performed by implementing a contingency param-
eter Cij per branch to locate the fault in the network. The
results are shown in terms of demand and wind curtailment cost
(Table III), active power losses (Table IV), and production and
storage cost (Table V).

1) Case Study 1—CA Without RES and ESS: In this case,
the only power resource is the power injection from the sub-
station to the disturbed system. Consequently, the total power

TABLE III
N − 1 CONTINGENCY CURTAILMENT COST ANALYSIS ($)

TABLE IV
N − 1 CONTINGENCY LOSS ANALYSIS

losses are more than the other case studies due to the location
of loads at remote nodes. Also, in some situations, a contin-
gency leads to the isolation of the network from the substation,
e.g., C1−2 (a contingency in the branch between nodes 1 and
2) or C2−3 resulting in a blackout. Regarding power losses,
some selected results are shown in Table IV. For case study
1, the highest amount is related to C60−61 and C61−62. In this
case, due to the significant amount of load at node 62, which is
far from the power source, power losses increase dramatically.
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TABLE V
N − 1 CONTINGENCY STORAGE COST ANALYSIS ($)

In addition, demand curtailment (see Table III), especially for
C60−61 and C61−62, is remarkable due to the high amount
of demand at node 62 and the power flow limitation of the
connection branches.

2) Case Study 2—CA Including RES: An obvious differ-
ence with respect to case study 1 is the reduction of power
losses. As shown in Table IV, real power losses drop roughly
50% for most contingencies considering the mean level of
wind generation. The reduction of power losses is expected
due to the availability of wind power for local loads. Although
the maximum power losses are relevant to contingency C4−5,
power losses for C60−61 and C61−62 are still remarkable. In
case of contingency C4−5, the main connection branch to
transfer power from the substation to the remote loads is discon-
nected and power losses are unavoidable, however, as shown in
Table III, demand curtailment is zero, in this case. Moreover,
total demand curtailment is reduced in some cases, especially
for contingencies C60−61 and C61−62, due to the availability of
wind power for loads at node 62.

In case of low wind generation, the amount of demand cur-
tailment cost and power losses are similar to Case 1, as wind
power generation feeds very few loads.

In addition, C1−2, C2−3, and C3−4 create an island for
the whole network and, despite demand curtailment reduction
under these conditions (unlike case study 1), the main part of
the demand is not served yet, due to a lack of real power gener-
ation. Likewise, an island appears in case of contingency C3−29

for a part of the network, as shown in Fig. 3. Here, the mean
level of wind generation is able to meet the demand in this
area, however, wind curtailment is inevitable due to the imbal-
ance of load and generation. Lastly, since nodes 31, 32, and
33 are not connected to any load, wind curtailment is equal for
contingencies C30−31, C31−32, C32−33, and C33−34, as shown
in Table III. Since the demand is constant in islanding situ-
ations (C1−2, C2−3, C3−4, C3−29, and C29−30) by increasing

Fig. 5. Energy production/storage under a contingency in branch 3-29.
(a) Energy stored (p.u.). (b) Power produced/stored (p.u.).

the level of wind production (from a low level to higher lev-
els), the cost of wind curtailment rises. On the other hand, with
more wind power production, more loads can be fed, thus, the
cost of demand curtailment drops.

3) Case Study 3—CA Including RES and ESS: Using mean
wind production level and compared with case study 2, ESS
reduces power losses, wind and demand curtailment slightly.
As illustrated in Table IV, excluding C1−2, C2−3, and C3−4, in
the other cases, power losses are reduced moderately. In spite
of a fair growth of power losses for C1−2, C2−3, and C3−4 (see
Table IV), the reduction of demand curtailment is noticeable, as
shown in Table III. Storage units improve the operation of the
network, particularly in case of islanding for the whole or a part
of the network.

As shown in Table III, in cases with islanding, i.e., C1−2,
C2−3, and C3−4, the total load connected to the network is
increased compare with case study 2. Likewise, for C3−29, the
total wind generation capacity is exploited in the presence of a
storage unit in the isolated area.

In extreme situations with a high level of wind in islanding
areas, as in C3−29 and C29−30, the storage units store the extra
power production to avoid demand curtailment and minimize
their costs.

Since demand is higher than generation in some isolated
(C1−2, C2−3, and C3−4) areas, with a higher level of wind
generation, wind and demand curtailments decrease.

As presented in Table IV, with a higher level of wind produc-
tion, excluding islanding conditions, the power losses decline
due to the availability of local power for loads.

Fig. 5 shows the behavior of the storage units with mean
wind production in case of contingency C3−29. In Fig. 5(a), the
energy level of the storage units is illustrated. As C3−29 creates
an isolated area with more generation than load, the storage unit
in that section (node 30) is scheduled to store energy to avoid
wind curtailment. On the other hand, the storage unit at node 51
is scheduled to produce and compensate the lack of real power.

Fig. 5(b) shows the real-time power storage of unit 30 (green
line). Real-time production/storage is represented when the
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TABLE VI
RECONFIGURATION ANALYSIS: OPEN SWITCHES

scheduled production/storage of energy is not sufficient to com-
pensate the power imbalance with mean wind production of the
network, as it occurs for storage unit 30.

Table V contains the costs of the storage units per contin-
gency. The total costs of the storage units are lower than the
other costs in the network and, in that regard, they are effi-
cient. With high wind production, in C3−29 and C29−30, the
storage units in isolated areas store more in real time to avoid
wind curtailment. On the other hand, with low wind power,
the ESS units produce in real time to compensate the power
imbalance.

D. Reconfiguration Analysis

Network reconfiguration is important to analyze to meet
some goals such as reduction of power losses and isolation
of faults in the EDS. In this paper, reconfiguration is carried
out under contingency conditions to reach the optimal point
of the optimization problem. As mentioned before, Table I
shows the status of the switches in the EDS. Initially, under
normal conditions, S12−44 (switch between nodes 12 and 44),
S16−47, S19−20, S28−66, and S56−57 are normally open and
others are normally closed. The status of the open switches is
represented for case studies 2 and 3 (for the mean value of wind)
in Table VI, which is the same for both cases.

In case of contingencies C1−2, C2−3, and C3−4, the same
reconfiguration is defined by the optimization problem split-
ting the EDS into two radial islands, one having wind only,

TABLE VII
COMPUTATION TIME (S)

and the other having wind and storage. Therefore, in case of
disconnection of the EDS from the external grid, the optimiza-
tion problem can manage the EDS to be energized avoiding a
blackout in the isolated part. Noteworthy, demand and genera-
tion curtailment is reduced by having separated radial islands
in areas isolated from the substation. In order to feed loads
next to the contingency and to avoid demand curtailment, the
optimization problem decides to close the switches near loads.
On the other hand, contingencies C57−58, C58−59, C59−60, and
C56−57 occur near to nodes without any connected loads and
the switches in these areas remain open under any condition.

In addition, the location of both, generation and contin-
gency, influences the RDS. For instance, S31−32 and S51−60

are always closed, as they are near to generation and storage
units. Finally, reconfiguration of the EDS is not changed for
contingencies in branches close to each other, as in cases L5−51

(feeder from nodes 5 to 51), L7−10, L12−68, L13−70, L24−28,
L29−36, and L37−44.

All case studies have been solved using CPLEX 11 solver in
GAMS [37]. An Intel Xeon E7-4820 computer with four pro-
cessors at 2 GHz and 128 GB of RAM has been used. MATLAB
[38] has been used to implement scenario reduction using K-
means. Table VII illustrates the computation time of every case
study assuming a mean wind power and for all the contingen-
cies. Note that, the CPU times in Table VII correspond to the
whole set of contingencies for each case, which are solved one
by one. It could be possible to reduce the CPU time by analyz-
ing the branches, which are more likely to be out of operation.
The CPU time could be further reduced by considering a lower
number of linearization blocks.

V. CONCLUSION

In this paper, a two-stage stochastic MILP reconfiguration
model under N − 1 contingency conditions, considering wind
energy and ESS with the possibility of having isolated radial
grids in distribution systems, has been investigated.

An exhaustive analysis has been done to evaluate the model
and, as a result, the model has been successfully applied to a
distribution network to minimize total costs. Following that, the
work shows the advantages of having energy storage units and
renewable energy in terms of real-time operation under contin-
gencies in distribution networks. Consequently, the penetration
of storage devices and wind generation improves the opera-
tion of the network under contingency conditions and reduces
power losses and demand and generation curtailment. In addi-
tion, this method improves reliability, allows for an optimal
radial reconfiguration, radial islanded operation, and the reduc-
tion of real power losses. Storage units improve the operation
of the network, especially in case of islanding for the whole
network or a part of it. The location of storage units is impor-
tant to compensate local power, i.e., power injection to local
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demand and absorption of additional power from local gen-
eration. In conclusion, the proposed model can be a valuable
tool for an electrical distribution company to optimally recon-
figure the system by evaluating all possible contingencies of the
network using wind power and energy storage.
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