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Coordination of Wind Farm and Pumped-Storage
Hydro for a Self-Healing Power Grid
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Abstract—The increasing penetration of wind energy poses great
challenges to the operation of power systems in normal and emer-
gency states. However, energy storage technologies can help ac-
commodate wind power uncertainty and variability due to their
flexible characteristics. This paper focuses on the restoration phase,
and provides a novel coordination strategy of wind and pumped-
storage hydro (PSH) units for a faster and reliable self-healing
process. The wind-PSH assisted power system restoration is for-
mulated as a two-stage adaptive robust optimization problem. The
first-stage problem determines the start-up sequence of genera-
tors and the energization times of transmission paths; and the
second-stage problem decides load pickup sequences, wind power
dispatch levels, and PSH units’ operating modes. The column-and-
constraint generation decomposition algorithm is applied to solve
the two-stage adaptive robust optimization problem, which has a
mixed-integer optimization in the inner-level problem. The devel-
oped coordination strategy is tested on the modified IEEE 39-bus
system. Numerical results demonstrate that the coordinated wind
and PSH units can increase the total energy served, enhance wind
power dispatchability, and reduce wind power curtailment.

Index Terms—Adaptive robust optimization, column-and-
constraint generation, mixed-integer linear programming,
pumped-storage hydro, self-healing, wind uncertainty.

NOMENCLATURE

Decision variables:
ug,t Binary variable equals to 1 if unit g is on at

time t.
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ustart
g ,t Binary variable equals to 1 if unit g is in start-up

period at time t.
us,t , uh,t Binary variables equal to 1 if wind farm s and

PSH unit h are on at time t.
tstart
g Integer variable showing the start-up time of

unit g.
Pg,t Scheduled power of unit g at time t after con-

necting to the grid.
P start

g ,t Start-up function of non-black-start unit g at
time t before connecting to the grid.

ubn,t Binary variable equals to 0/1 if bus n is de-
energized/energized at time t.

uk,t Binary variable equals to 0/1 if line k is de-
energized/energized at time t.

Pl,t , Ql,t Amount of real and reactive loads restored at
load bus l and time t.

Ps,t Scheduled power of wind farm s at time t.
Ph,t , P

g(p)
h,t Net output power, generation/pumping power of

PSH unit h at time t.
qh,t , q

g(p)
h,t Net water discharge, generation/pumping water

discharge of PSH unit h at time t.
P flow

k,t , Qflow
k,t Real and reactive power flows in line k at time t.

Rt , Rg,t Total dynamic reserve and dynamic reserve
share of unit g at time t.

Rl,t , Rh,t Load shedding share of load bus l in dynamic
reserve and dynamic reserve share of PSH unit h
at time t.

P u
s,t Uncertain power of wind farm s at time t.

Ig
h,t , I

p
h,t , I

I
h,t Binary variables indicating that hydro unit h is

in generation, pumping, or idling mode at time t.
V olt Volume of water stored in the reservoir at time t.

Constant parameters:

Pmax
g , Pmin

g Maximum and minimum real power capacities
of unit g.

Qmax
g , Qmin

g Maximum and minimum reactive power ca-
pacities of unit g.

V olmax, V olmin Maximum and minimum reservoir volume.
qmax
h , qmin

h Maximum and minimum discharge rate of hy-
dro unit h.

P min(max),g(p)
h Minimum/maximum power limit of PSH

unit h in generation/pumping mode.
αl, P

max
l Priority factor and maximum restorable load

at load bus l.
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Tg , P start
g Start-up duration and cranking power of unit g.

λg Maximum load pickup capability of genera-
tion unit g.

Δs Budget of uncertainty related to wind farm s.
P̄s,t , ˜Ps,t Forecasted power and the maximum forecast

error of wind farm s at time t.

Sets:
G, T , L, LSH Sets of generators, restoration times, loads, and

loads with under-frequency load shedding re-
lays.

B, K, Ns , Nh Sets of buses, transmission lines, wind farms,
and PSH units.

W Uncertainty set for wind farm output power.

Indices:
bn , bm Indices for buses at both ends of the lines.
bg , bl , bs Indices for generators, loads, and wind farms

buses.
g, l, t, s, k, h Indices for generators, loads, time periods, wind

farms, lines, and PSH units.
w Index for wind farm output power uncertainty

realization.

I. INTRODUCTION

W IND energy is rapidly increasing worldwide. In the U.S.,
the total installed wind power capacity reached to over

60 GW at the end of 2012 [1]. Department of Energy has set the
goal of achieving 20% of U.S. electricity from wind by 2030
[2]. However, the updated report shows that the wind power
installed capacity has exceeded the level envisioned in 2008 [3].
As wind power is becoming a mainstream source of energy, its
inherent variability and uncertainty present major concerns in
power system operation and planning [4].

Operating wind power to achieve a self-healing power grid is
particularly challenging. A self-healing process is initiated by
system operators to mitigate cascading outages, or in the worst
case, restore the system after a blackout [5]. A fast and reliable
restoration procedure is essential to achieving the self-healing
power grid. System operators re-start generating units, establish
a transmission network, pick up customer loads, and eventu-
ally restore the system to normal condition. Wind variability
and uncertainty can jeopardize system reliability throughout the
restoration period. Most independent system operators (ISOs)
are conservative on employing wind power for power system
restoration. They either exclude wind energy resources from the
restoration process or postpone their start-up times to the end.
However, with the increasing penetration levels, exclusion of
wind power will prolong the recovery time and leave the vast
majority of loads unserved. Employing wind power in restora-
tion is imperative and crucial. Also, accommodating wind un-
certainty and variability is of a vital importance to a successful
wind energy assisted restoration process.

Energy storage technologies are viable solutions to accommo-
date wind power uncertainty and variability due to their flexible
characteristics. Among different storage technologies, pumped-
storage hydro (PSH) is the most mature and economical op-
tion for large-scale applications. PSH units can switch between

pumping and generation modes to provide fast-response en-
ergy and reserve. Coordinating with PSH units, wind energy
resources will not impede, but rather, expedite the restoration
process. An optimal coordination will minimize wind power cur-
tailment (or spillage) during the restoration process, and hence
a faster recovery can be achieved.

Research on employing wind power in system restoration is
mainly focused on the operation and control of wind turbines
[6]–[8]. In [6], different aspects of power system restoration
together with constraints of wind farm restoration has been dis-
cussed. In [7], connecting a battery storage to the DC link capac-
itor of a doubly fed induction generator (DFIG) wind turbine
resulted in black-start functionality. Offshore wind park con-
nected to the HVDC link provided additional voltage control
capability [8]. Firefly algorithm was used to find the optimal
restoration plan with the aid of renewable sources [9].

Utilization of energy storages for expediting the distribution
network restoration has been discussed in [10]–[12]. In [10],
authors have studied the participation of plug-in hybrid elec-
tric vehicles (PHEVs) both as backup and storage units in the
recovery process. It is shown that when PHEVs contribute as
storage units, they could prevent congestion occurrence during
the restoration period. In [11], we have adopted nonhomoge-
neous Markov chain method for generation of synthetic driving
behavior of PHEV owners. It is shown that PHEVs could accel-
erate the load pickup process by compensating the imbalance
between available generation and load. The benefits of utilizing
distributed energy storages to support the distribution network
restoration have been studied in [12].

In transmission level, dynamic model and simulation results
of a black-start capable pumped-storage unit have been stud-
ied in [13]. The aforementioned literature have considered the
participation of energy storages and wind generators indepen-
dently. The coordination of wind and PSH units have also been
studied, but only under normal operating conditions, such as
economic dispatch and unit commitment problems [14], [15].
The study on the coordination of wind energy and PSH in emer-
gency conditions is limited to date. We have proposed the idea of
incorporating the renewable energy sources together with the en-
ergy storages in the power system restoration problem [16]. This
paper expands on our previous work and tackles the wind-PSH
coordination problem to expedite power system restoration. The
coordination problem has been formulated as a two-stage com-
binatorial optimization problem and solved using an adaptive
robust optimization approach. In the robust optimization, the
probability function of uncertain parameters is unknown, and
only an uncertainty set is defined based on the historical data or
operator’s experience.

The one-stage robust optimization approach was first intro-
duced by Soyster [17] to handle parameter uncertainties in linear
programming. As it provides the protection for all possible out-
comes of the uncertain parameters, the solution could be overly
conservative. For instance, if a wind farm participates in the
restoration problem, one-stage optimization problem schedules
an over-conservative plan for the conventional generators as it
is considering the worst case realization of wind farm output
power. In other words, it dispatches the conventional generators
assuming that the wind farm output power will be deviated from
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its scheduled power for the entire restoration period. As a result,
one-stage restoration solutions prolong the restoration period.
To this end, authors in [18] have proposed an approach to bal-
ance the robustness and total cost. Recently, more researchers
have focused on the adaptive robust optimization and its appli-
cation in management, business, and power systems [19], [20].
The proposed two-stage adaptive robust optimization alleviates
the drawback of one-stage optimization method. That is, adap-
tive robust optimization considers increasing the dispatch levels
of the conventional generators after it finds out the wind farm
output power is not enough. In this way, the second-stage de-
cisions of restoration problem will be made after the first-stage
decisions are determined and the uncertainty of wind power is
revealed. Thus, if the wind farm output power deviates from the
forecasted value at restoration time t, the optimization problem
will re-schedule the output power of the conventional units to
compensate the power mismatch at time t.

Adaptive robust optimization models are usually transformed
to multi-level optimization problems, which brings great chal-
lenges to the solution algorithms. In addition to approxima-
tion algorithms, decomposition-based algorithms have been
proposed, especially for two-stage adaptive robust optimiza-
tion, e.g., dual cutting planes [20], and column-and-constraint
generation [21], [22]. In this paper, the column-and-constraint
generation algorithm has been adopted to solve the two-stage
adaptive robust optimization problem.

The major contributions of this paper are follows.
� Different stages of power system restoration process have

been integrated in a holistic optimization problem. Con-
straints related to the wind farm, PSH units, and coordina-
tion between wind and PSH units are embedded into the
restoration problem formulation.

� To deal with wind uncertainty, a two-stage adaptive ro-
bust optimization approach has been adopted. To over-
come the computational burden, a decomposition al-
gorithm, column-and-constraint generation (C&CG), is
employed to solve the restoration problem.

� The developed coordination strategy enables system opera-
tors to fully utilize wind power with minimal wind spillage
and take advantage of PSH units to expedite the restoration
process.

The remainder of this paper is organized as follows.
Section II introduces the wind-PSH coordination strategy in the
power system restoration. Section III presents the power sys-
tem restoration problem formulation using mixed-integer linear
programming technique and adaptive robust optimization. In
Section IV, the proposed strategy is examined under multiple
case studies. Conclusions are provided in Section V.

II. WIND-PSH COORDINATION IN RESTORATION

After a blackout, power system operators work diligently
to bring the system back to its normal state. System restoration
consists of the following tasks: preparation and planning, black-
start unit (BSU) start-up, transmission lines energization, non-
black-start units (NBSUs) start-up, and load pickup [23].

Wind generators differ from conventional generators in two
aspects: 1) they are intermittent and weather-dependent in

Fig. 1. Structure of two-stage wind-PSH assisted self-healing system.

nature; and 2) their output powers can highly fluctuate and
cause large ramping events. PSH units can be employed to com-
pensate wind power variability and uncertainty. The electricity
absorbed or generated by PSH units needs to be coordinated to
follow wind power profile. At times of high wind power gen-
eration, instead of curtailing, wind power can be harnessed to
pump water from a lower reservoir and store in an upper reser-
voir. This usually occurs in the initial phase of restoration, when
available online generators and transmission paths are limited.
As the restoration progresses, the energy stored in the upper
reservoir can be unleashed so that PSH units can participate in
the restoration process. In case of wind power fluctuations, the
stored water can be released to prevent frequency variations,
causing load shedding or cascading outage at early stages of
restoration. PSH units can handle wind uncertainty and expe-
dite the recovery process. In this way, more wind power can
be accommodated into the system which increases the head-
room available on the conventional generators. Finally, PSH
units can directly participate in load restoration and provide
dynamic reserve if there is enough water already stored in the
upper reservoir when the blackout occurs.

The structure of wind-PSH assisted restoration is depicted
in Fig. 1. After a major contingency or blackout at tk−1 , the
initial conditions of power grid are obtained at tk to determine
the extent of power outage. An optimal restoration plan is then
devised with the aid of wind and PSH units and the restoration
process starts at tk+1 . Wind uncertainty and variability as well
as system reliability requirements are taken into account. In this
paper, it is assumed that wind turbines are operated similar to a
NBSU. That is, wind turbine can participate in restoration pro-
cess after establishment of transmission paths. However, unlike
conventional NBSUs, it has the capability of fast starting with-
out demanding cranking power, and having fast ramping rate
capability.

A two-stage adaptive robust optimization technique has been
adopted. The first-stage objective is to maximize the total gen-
eration capacity, while the second-stage objective is to mini-
mize the total unserved load [24]. In the first stage, start-up
sequences of BSU, NBSUs, and wind generators as well as en-
ergization times of transmission paths are determined, given the
generation and transmission constraints as well as wind farm
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forecasted power. In the second stage, load pickup sequences,
wind power dispatch levels, and operating modes of PSH units
are determined, given the wind farm, PSH units, load pickup,
and dynamic reserve constraints. The second-stage or dispatch
decisions are made after observing the realization of wind farm
output power. Note that the first-stage decisions are fixed when
solving the second-stage problem. Once the worst case realiza-
tion of the uncertainty is found, the optimality cut is generated
and fed back to adjust the first-stage decisions. A detailed math-
ematical formulation of the proposed self-healing strategy is
presented in the next section.

III. TWO-STAGE ROBUST OPTIMIZATION

The objective function of restoration problem in the presence
of wind and PSH units is to minimize the negative of the total
generation capability and the total unserved load as expressed
in (1) [24].

min
ΞM P

∑

t∈T

∑

g∈G

−(P max
g − P start

g )ug,t

+ max
w∈W

min
ΞS P

∑

t∈T

∑

l∈L

αl(P max
l − Pl,t) (1)

In objective function (1), P max
g and P start

g are the maxi-
mum production level and cranking power of generator g,
respectively. The binary decision variable ug,t denotes the
status of generator g at restoration time t, i.e., 1 repre-
sents online and 0 offline. The decision variables pertain-
ing to the first-stage (master) problem are in the set ΞM P =
{ustart

g ,t , ug,t , t
start
g , P start

g ,t , us,t , ub,t , uk,t , uh,t}. To ease and solve
the restoration problem (1), we represent the problem in a two-
stage way as shown in (1.1)–(1.3).

min
ΞM P

∑

t∈T

∑

g∈G

−(P max
g − P start

g )ug,t + f(x) (1.1)

In (1.1), x is a vector of the first-stage decisions and f(x)
is the recourse function showing the adaptive second-stage
objective function under the worst case realization of uncertain
parameter w. Function f(x) is obtained from (1.2), where
g(x,w) is calculated in (1.3). In fact, objective function (1.3)
is minimized under the worst case realization of uncertainty
w ∈ W and first-stage decision x. In the second-stage objective
function, P max

l and Pl,t are the maximum restorable active
load and the amount of restored active load, respectively,
at load bus l and restoration time t. The load priority is
denoted as αl . The decision variables pertaining to the
second-stage problem are the elements of the set ΞSP

= {Pg,t , Pl,t , Ql,t , Ps,t , Ph,t , qh,t , P
flow
k,t , Qflow

k,t , P u
s,t , I

g
h,t , I

p
h,t ,

I I
h,t , Rt , Rg,t , Rh,t , Rl,t , V olt}.

f(x) = max
w∈W

g (x,w) (1.2)

Where,

g(x,w) = min
ΞS P

∑

t∈T

∑

l∈L

αl(P max
l − Pl,t) (1.3)

A number of constraints are taken into account to ad-
dress the restoration process as well as wind-PSH coordi-
nation. All decision variables satisfy ∀t ∈ T, ∀g ∈ G, ∀k ∈
K, ∀(bg , bs , bl , bh , bn , bm ) ∈ B, ∀l ∈ L, s ∈ Ns, h ∈ Nh .

A. First-Stage Constraints

1) Initial Conditions: System operators can set the initial
conditions based on system status and the extent of outage. In
this paper, we assume a complete blackout condition and con-
straints (1.4)–(1.6) represent the initial conditions of generation
units, transmission lines and buses, respectively.

ustart
g ,t=0 = 0 (1.4)

uk,t=0 = 0 (1.5)

ubn ,t=0 = 0 (1.6)

Constraint (1.7) forces the BSU to get started at t = 1.

ustart
g ,t=1 = 1, g ∈ GBSU (1.7)

2) Generator Start-Up Function: The start-up characteristic
of NBSUs is shown in (1.8), where integer variable tstart

g and
parameter Tg represent start-up and cranking times, respectively.
P start

g is the cranking power of generator g.

P start
g ,t =

{

0 0 < t < tstart
g

P start
g tstart

g ≤ t ≤ tstart
g + Tg

(1.8)

3) Energization Constraints: Units need to be started; buses
and lines need to be energized. Their energization statuses are
inherently correlated. Constraint (1.9) shows that each NBSU’s
start-up sequence is initiated only after the energization of its re-
spective bus, bg . Binary variable ug,t can be derived from (1.10).
As a NBSU, wind farm cannot participate until its bus bs is en-
ergized in (1.11). Also, PSH units can contribute only after the
energization of their respective buses in (1.12). Assuming that
a transmission line k connects buses n and m, if both buses are
de-energized at restoration time t, then the transmission line k is
de-energized at time t in (1.13). In (1.14), a transmission line k
can be energized one restoration time unit after the energization
of one of its connected buses.

ustart
g ,t ≤ ubg ,t (1.9)

∑

t∈T

(1 − ug,t) ≥
∑

t∈T

(1 − ustart
g ,t ) + Tg (1.10)

us,t ≤ ubs,t (1.11)

uh,t ≤ ubh,t (1.12)

uk,t ≤ ubn(m ),t (1.13)

uk,t+1 ≤ (ubn,t + ubm ,t) (1.14)

B. Second-Stage Constraints

1) Power Balance Constraints: Electricity generation and
load should be balanced at all times. For generators, the real and
reactive power outputs should be bounded by their capacities,
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denoted in constraints (1.15) and (1.16). Nodal active and reac-
tive power balances are shown in (1.17) and (1.18), respectively.
Where, P flow

k,t and Qflow
k,t are active and reactive power flows of

line k in restoration time t, respectively. We adopted the linear
form of ACOPF proposed in [25] to compute P flow

k,t and Qflow
k,t .

P min
g ug,t ≤ Pg,t ≤ P max

g ug,t (1.15)

Qmin
g ug,t ≤ Qg,t ≤ Qmax

g ug,t (1.16)
∑

g∈G

(Pg,t − P start
g ,t ) +

∑

s∈Ns

Ps,t +
∑

h∈Nh

Ph,t −
∑

l∈L

Pl,t

=
∑

k∈K

P flow
k,t (1.17)

∑

g∈G

Qg,t +
∑

s∈Ns

Qs,t −
∑

l∈L

Ql,t =
∑

k∈K

Qflow
k,t (1.18)

2) Load Pickup and Dynamic Reserve Constraints: The
maximum load pickup capability at each restoration time has
a direct relationship with the inertia of generation units and
turbine-governor models. One method to address this important
issue in the restoration problem is to integrate frequency re-
sponse equations into the second-stage problem. However, the
time frame of interest in dynamic analysis is remarkably smaller
than the time frame of the restorative actions proposed in the
literature (e.g. 5 or 10 minutes). There are two approaches that
have been widely adopted in the literature to cope with this issue
and make sure that the minimum frequency (nadir) constraint
will not be violated after a load pickup action.

The first approach is to derive a linear constraint that relates
the load pickup size to frequency nadir, inertia, and governor
characteristics, as presented in [24]. The second approach to
calculate the load pickup size and dynamic reserve has been
proposed in [26] and adopted in this paper. This approach de-
fines a load pickup factor for each generation unit. That is, the
maximum load that a generator can pick up is calculated as a per-
centage of generator rating without causing a drop in frequency
below the safe operating level (e.g. 59.5 Hz). These so called
“Rule of Thumb” load pickup factors are 5% for fossil steam,
15% for hydro, 25% for combustion turbines. Then, the total
load pickup capability is the summation of load pickup capabil-
ity of all online generation units at each restoration time. Load
can be picked up right after the energization of its correspond-
ing bus ubl

in (1.19). The maximum load pickup capability is
restricted in (1.20). In (1.21), λg shows the load pickup capa-
bility of generator g in each restoration time interval, which is
assumed to be 25% for combustion (CT) and PSH units, and 5%
for steam turbines (ST).

Dynamic reserve consists of the reserve on generator that is
available via generator governor action, and loads with under-
frequency load shedding (UFLS) relays [26]. The amount of
dynamic reserve needed can be computed by knowing the load
pickup factors of paralleled units at each restoration time. It
should be noted that the maximum level of dispatch for a gen-
eration unit, or in other words, the largest energy contingency,
should not exceed the maximum available dynamic reserve at
each restoration time. Otherwise, the remaining generators in

the system could not maintain acceptable frequency after the
trip of that generator. In (1.22), the total dynamic reserve is
calculated for each restoration time and it is assumed that PSH
units can also contribute to dynamic reserve. Output power of
generators should be enforced in (1.23) to maintain system se-
curity. In (1.24), it is assumed that less than 50% of dynamic
reserve in the system should be devoted to the loads with under-
frequency load shedding relays, according to the recommen-
dation in [26]. The aforementioned constraints ensure that the
minimum frequency never goes below 59.5 Hz after the largest
contingency. However, after surviving the contingency, the AGC
or synchronous reserve should kick in and bring the frequency
back to its nominal value. Note that this paper has not accounted
for the secondary control actions that might be taken to restore
the frequency to its pre-contingency value.

0 ≤ Pl,t ≤ P max
l ubl ,t (1.19)

∑

l∈L

Pl,t+1 −
∑

l∈L

Pl,t ≤
∑

g∈G

Rg,t +
∑

h∈Nh

Rh,t (1.20)

Rg,t ≤ min
(

P max
g λg , P

max
g − Pg,t

)

(1.21)

Rt ≤
∑

l∈LS H

Rl,t +
∑

g∈G

Rg,t +
∑

h∈Nh

Rh,t (1.22)

Pg,t ≤ Rt − Rg,t (1.23)
∑

l∈LS H

Rl,t ≤ 0.5Rt (1.24)

3) Wind Farm Constraints: Wind farm power curtailment
is allowed in constraint (1.25). Part of wind farm power that
is participating in the load pickup should satisfy the dynamic
reserve and excess wind energy is used to pump water to an
upper reservoir in constraint (1.26).

Ps,t ≤ P u
s,tubs ,t (1.25)

∑

s∈Ns

Ps,t −
∑

h∈Nh

P p
h,t ≤ Rt (1.26)

4) Uncertainty Set: In this paper, a polyhedral uncertainty
set W is adopted and defined in (1.27). It contains wind power
forecast P̄s,t along with the maximum forecast error ˜Ps,t , show-
ing its deviation from the forecasted value. As the uncertainty
bound increases, the size of uncertainty set enlarges and the re-
sulting solutions become more conservative. In (1.27), Δs is the
budget of uncertainty and controls the total deviation of wind
farm output power from the forecasted value. Δs can take value
between 0 and T , for instance, Δs = 0 corresponds to the least
conservative case in which Ps,t is forced to be its forecasted
value.

W :=

{

P u
s,t ∈ R|Ns |×|T | :

∑

t∈T

∣

∣P u
s,t − P̄s,t

∣

∣

˜Ps,t

≤ Δs ,

P u
s,t ∈

[

P̄s,t − ˜Ps,t , P̄s,t + ˜Ps,t

]

∀s ∈ Ns

}

(1.27)

5) PSH Constraints: Generally, output power of a hydro unit
is a non-linear non-convex function of the turbine discharge rate



GOLSHANI et al.: COORDINATION OF WIND FARM AND PUMPED-STORAGE HYDRO FOR A SELF-HEALING POWER GRID 1915

and the net head [27]. In this paper, variations on the net wa-
ter head are neglected, and it is assumed that each PHS unit
has one water-to-power curve for the generation mode and one
power-to-water curve for the pumping mode [15]. The differ-
ence between two curves is defined as PSH efficiency. Their
piecewise-linear approximations are obtained by using auxil-
iary binary variables similar to the method presented in [27]. In
(1.28), binary variables Ig

h,t , Ip
h,t , I I

h,t indicate that hydro unit h
is in generation, pumping, or idling mode, and theses modes are
mutually exclusive in each restoration time t. Reservoir volume
limits are shown in constraint (1.29). Reservoir volume rela-
tionship with PSH discharge rate is shown in constraint (1.30).
In (1.31), the net output power of PSH unit h is computed.
Constraints (1.32)–(1-35) are applied to both pumping (p) and
generation (g) modes. Where, Ph,t shows the output power and
qh,t is the water discharge rate of PSH unit h. The generation
and pumping mode capacity limits are satisfied in (1.32)–(1.35).

Ig
h,t + Ip

h,t + I I
h,t ≤ 1 (1.28)

V olmin ≤ V olt ≤ V olmax (1.29)

V olt+1 = V olt − qh,tΔT (1.30)

Ph,t = P g
h,t − P p

h,t (1.31)

qmin
h ubh ,t ≤ qp(g)

h,t ≤ qmax
h ubh ,t (1.32)

P min,p(g)
h ubh ,t ≤ P p(g)

h,t ≤ P max,p(g)
h ubh ,t (1.33)

qmin
h Ip(g)

h,t ≤ q
p(g)
h,t ≤ qmax

h,t Ip(g)
h,t (1.34)

P min,p(g)
h Ip(g)

h,t ≤ P p(g)
h,t ≤ P max,p(g)

h Ip(g)
h,t (1.35)

C. Solution Algorithm

The wind-PSH assisted restoration is a two-stage adaptive
robust optimization problem with mixed-integer recourse. We
adopt C&CG decomposition algorithm as the solution method-
ology [21], [22]. The two-stage restoration problem (1.1)–(1.35)
can be written in the following compact matrix form:

min
x∈{0,1}n

cT x + max
ω∈W

min
y,z∈Ω(x,ω)

bT y (2.1)

s.t. Fx ≤ f (2.2)

Ω(x,ω) = {By + Qz ≤ g − Ax − H(ω)x

ω ∈ W, y ∈ R, z ∈ {0, 1}m} (2.3)

Where F , B, Q, and A are constant coefficient matrices,
whereas, H(w) is an uncertainty dependent coefficient ma-
trix. Binary variable vector x represents the first-stage deci-
sions, continuous variable vector y and binary variable vector
z represent the second-stage decisions. Now, we apply nested
C&CG to decompose (2.1)–(2.3) to a master problem with an
outer-level C&CG algorithm and a MILP subproblem with
an inner-level C&CG algorithm. The detailed description of
the outer-level and inner-level algorithms can be found in the
Appendix.

Fig. 2. Modified IEEE 39-bus system.

TABLE I
PSH UNITS’ CHARACTERISTICS

TABLE II
GENERATORS’ CHARACTERISTICS

IV. NUMERICAL RESULTS

A modified IEEE 39-bus system has been adopted for test-
ing. The system contains 10 generators, a 600 MW wind farm
located at bus 17, and two PSH units, as shown in Fig. 2. The
characteristics of PSH units are given in Table I. The generators’
characteristics are given in Table II. The load values and priority
factors are indicated in Table III. Coefficient αl in the objective
function is critical to guarantee the power supply to the high
priority customers. Two cases, low and high wind power fluctu-
ations, are considered to examine the effectiveness of wind-PSH
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TABLE III
LOAD VALUES AND PRIORITIES

TABLE IV
GENERATORS’ OPTIMAL ON TIMES AND TYPES

coordination in the restoration process. In both cases, the base
power is 100 MW and each restoration time step is 10 minutes
(1 p.u.) for preparation and stabilization. The characteristics of
buses, transmission lines are taken from [28]. The confidence
interval of wind farm output power is set as 10% of the fore-
casted value. The proposed C&CG algorithm is implemented
in C++ using ILOG CPLEX 12.6 and the Concert Library. All
simulations were executed on a PC with Intel CoreTM i5 CPU
@3.30 GHz and 8 GB RAM.

A. Base Case: Perfect Forecast Without PSH Units

An illustrative example with perfect wind forecast data is
presented to investigate the wind spillage phenomenon. En-
ergy storage is not considered in the example. Neglecting wind
uncertainty, the optimization problem (1.1)–(1.35) turns to a
deterministic MILP problem. Table IV summarizes generators’
online times. G10 is the BSU with a self-starting capability
which becomes online at t = 2. The forecasted and scheduled
wind power is depicted for the early stages of restoration in
Fig. 3. Note that before restoration time t = 5, the wind farm
generates zero power. Subsequently, wind farm output power in-
creases slightly, with a large portion curtailed. Finally, at t = 12
all wind power is utilized in the restoration process. The total
energy served is 11.70 GWh and total wind energy spillage is
631.75 MWh.

The area between two curves can be divided into two regions
separated by a red dashed line: Area 1 represents the amount
of wind energy that is spilled due to the unavailability of trans-
mission path, and Area 2 represents the amount of wind energy
that is curtailed to maintain power system security. In fact, wind
energy spillage in area 2 can be reduced using energy storage.

Fig. 3. Forecasted and scheduled wind farm output power without PSH con-
tribution and wind uncertainty.

Fig. 4. Scheduled and forecasted wind farm output power with/without PSH
units’ contribution.

B. Wind-PSH Assisted Restoration

1) Restoration With PSH Contribution: First, we consider
the participation of PSH units in the restoration process. As-
sume that the two PSH units are installed at bus 17, where
the wind farm is located. Fig. 4 compares the scheduled wind
power with/without PSH units’ contribution. Note that wind un-
certainty is not yet included (i.e., Δs = 0). It can be seen that
at restoration time t = 6, the scheduled wind power reaches its
forecast. The total wind energy spillage reduces to 358.75 MWh,
and the total energy severed increases to the 12.33 GWh. Small
portion of wind power is used to serve loads and provide crank-
ing power to other NBSUs, while the larger portion is used for
pumping water to fill the upper reservoir. This helps to improve
the total dynamic reserve level when a limited number of units
are on. As the restoration process moves forward, more wind
power can be accommodated into the system so that more capac-
ities on NBSUs are released. As a result, the total load pickup
capability of the system will be improved at later stages. Fig. 5
compares the load restoration curves with/without PSH units’
contribution.

2) PSH Units’ Location: The impact of PSH location is stud-
ied here. It is assumed that the PSH units are installed at bus
8. Note that in this scenario, although the wind farm becomes
online after restoration time t = 6, the PSH units cannot store
wind farm energy until t = 9. This is due to the fact that bus
8 is energized after t = 9, thus, imposing limitation on the op-
eration of PSH units. Fig. 6 compares the reservoir volume for
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Fig. 5. Total load pickup curves with/without PSH units’ contribution.

Fig. 6. Reservoir volume (Hm3 ) for different PSH locations.

Fig. 7. Impact of budget of uncertainty on total energy served with/without
PSH units’ contribution.

different PSH locations. It can be seen that the pumping mode
operation is postponed due to the unavailability of transmission
path from t = 6 to t = 9. In this case, the total energy served is
12.163 GWh and total wind energy spillage is 542.74 MWh.

3) Wind Power Uncertainty: To model wind randomness in
power system restoration, it is assumed that uncertain wind farm
output power lies within the uncertainty set (1.27). The total
restoration horizon in this study is set to 30 p.u., thus, the budget
of uncertainty can vary within the interval [0, 30]. From Fig. 7,
one can observe that when the budget of uncertainty increases,
the total energy served will decrease in both scenarios. It also
shows that with wind-PSH coordination the total energy served
is always greater than that without PSH units. In particular,
utilizing PSH units under the worst case conditions (Δs = 30)
outperforms the best case condition without PSH units, where
Δs = 0. Therefore, PSH units not only can compensate the wind
uncertainty, but also facilitate load pickup.

Fig. 8. Scheduled and forecasted wind farm output power with/without PSH
units’ contribution including wind power fluctuations.

Fig. 9. Impact of budget of uncertainty on total energy served with/without
PSH units’ contribution including wind power fluctuations.

4) Wind Power Fluctuation: Now assume that wind power
presents a large ramping behavior during the early stages of
restoration between t = 5 and t = 15. Figs. 8 and 9 show that the
PSH units are capable of handling large wind power fluctuations.
Without PSH contribution, the wind power is curtailed to avoid
load shedding and meet dynamic reserve requirement. How-
ever, coordinating with the PSH units, all wind energy can be
harnessed despite the large fluctuations. The uncertainty study
in Fig. 9 also demonstrates the effectiveness of PSH units in
the event of high wind fluctuations. The PSH coordination con-
sistently outperforms that without PSH units. The total energy
served without PSH contribution is 11.22 GWh, whereas with
PSH contribution it increases to 11.77 GWh; and total wind en-
ergy spillage reduces from 544.65 MWh to 332.50 MWh. It is
worth noting that under wind power fluctuations and by utiliz-
ing PSH units, the total energy served becomes greater than the
case where the wind power presents low fluctuations without
utilizing PSH.

One should note that the level of conservatism of the optimal
solution can be flexibly adjusted by setting the budget of uncer-
tainty to a desired value. In fact, system operator should make a
trade-off between the protection level of the constraint and the
level of conservatism of the optimal solution. If the uncertainty
is not considered, a large cost might be incurred once the uncer-
tainty is revealed (e.g. load shedding might happen during the
restoration period). Whereas, if the most conservative outcome
of the uncertainty set is included in the model, the system is
protected against the realizations that would be detrimental to
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Fig. 10. Percentage of improvement in total energy served respect to the case
where neither wind nor PSH units contributed to the restoration.

its security. However, the latter case is very unlikely to happen
in practice and will definitely prolong the restoration time.

From Figs. 7 and 9, one can observe that if the budget of
uncertainty increases (i.e., the level of conservatism increases),
the objective function, reflecting the restoration performance,
decreases. This happened as a result of incorporating uncertainty
in the model yielding more robust solutions. It is worth noting
that the objective function has not changed for Δs ≥ 25. This
is due to the fact that wind farm started participating in the
restoration process from t > 5. Thus, the uncertainty of wind
power profile cannot influence the total energy served when
t < 5, however, the total wind power spillage is impacted.

C. Impact of Wind Farm and Energy Storage

To further elaborate the impact of wind and energy storage
on the restoration process, four scenarios have been defined as
follows. Scenario 1: restoration with PSH units under minimum
water level in the reservoir at t = 0. Scenario 2: restoration with
PSH units under maximum water level in the reservoir at t = 0.
Scenario 3: restoration with wind farm and PSH units under the
overly conservative wind power and minimum water level in the
reservoir at t = 0. Scenario 4: restoration with wind farm and
PSH units without considering the wind uncertainty and with
minimum water level in the reservoir at t = 0.

In Fig. 10, the percentage of increase in total energy served
in each scenario is compared with the case where neither wind
nor PSH contributed to the restoration process. As it can be seen
from the figure, scenario 1 shows the lowest level of increase in
the total energy served. That is, having PSH units with minimum
level of water in the reservoir shows a negligible contribution
respect to the other scenarios. This comes from the fact that
at the initial stages of restoration, the conventional generation
units devote their available capacities to pick up loads instead of
pumping water and storing energy. Whereas, in scenario 2, one
can observe the significant impact of PSH units when the reser-
voir has the maximum water level. In this scenario, PSH units
work in generation mode for entire restoration time. Scenario 3
explicitly shows the impact of the wind when it is compared
with scenario 1. Scenario 4 shows the maximum contribution of
wind and PSH units under perfect forecast scenario.

Examining the results of Fig. 10 highlights the important role
of the wind farm, particularly when water level in the upper
reservoir reaches its minimum value right after the blackout
incident. However, one should note that this paper assumed that

TABLE V
COMPARISON BETWEEN DIFFERENT APPROACHES

loads are fully dispatchable. If that is not the case (i.e., loads
can only be picked up in blocks), as assumed and discussed
in [11], the available generation might exceed the maximum
amount of load that can be restored. In such cases, generation-
load mismatch at each restoration period can pump water and
store it in the upper reservoir. Consequently, PSH units present
greater influence on the restoration process, regardless of the
initial condition of water level in the reservoir.

D. Computational Performance and Comparison With
Other Approaches

The performance of the robust optimization approach
is demonstrated through comparison with the stochastic
optimization method [29]. Stochastic optimization approach is
the alternative approach to solve this problem; however, its main
difficulty lies in the need to provide the probability distribution
function of the forecast error, which is hard to obtain in real
world. A normally distributed wind power prediction error with
the standard deviation of 10% is assumed. Multiple scenarios
are generated and an efficient scenario reduction algorithm is ap-
plied to produce a set of representative scenarios together with
their associated probabilities. The objective function is mini-
mized over all scenarios, weighing the value of each scenario in
proportion to its probability.

Table V reports the computation time and total energy served;
the latter reflects the objective function of restoration. It can be
seen that, firstly, adopting the two-stage formulation with the
proposed decomposition approach can notably reduce the com-
putation time. Secondly, the stochastic optimization approach is
computationally expensive compared with the robust optimiza-
tion. Thirdly, after looking at the objective function of the ro-
bust optimization for different values of budget of uncertainty,
one can see that this method provides the system operator a
level of flexibility in choosing the trade-off between robustness
and performance. For instance, if the trade-off is reached at
Δs = 10, the total energy served of the corresponding robust
solution achieves increase of 0.48% over the solution obtained
for Δs = 30, and increase of 0.32% over the stochastic opti-
mization solution.

V. CONCLUSION

This paper proposes a novel self-healing strategy by intro-
ducing wind-PSH coordination in restoration phase. Adaptive
robust optimization approach was employed to solve the power
system restoration problem under wind power uncertainty. Case
study results showed that wind-PSH coordination can improve
system load pickup capability through storing wind energy in the
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initial phase of restoration and releasing it at final stages. Also,
it was shown that the wind profile is a significant contributor to
determine the total energy served and wind power spillage. In
case of large wind power fluctuations, wind-PSH coordination
enables system operators to harness more wind energy in initial
stages of restoration. Besides, PSH units’ location affects the
total energy served through deferring the pumping time. The
solution optimality is affected as the budget of uncertainty in-
creases, but the wind-PSH coordination reduces the impact of
wind uncertainty and improves its dispatchability. The proposed
coordination strategy can be applied to the restoration problem
both in transmission and distribution levels with conventional
generators, renewable sources and energy storages.

The primary emphasis of future research on restoration topic
is to further reduce our reliance on fossil fuel units, improve
the renewable energy utilization, and shorten restoration time.
To this end, our research directions include: 1) Development
of real-time optimization tool for power system restoration by
adopting other optimization techniques such as sliding window
or distributed optimization and control approaches, 2) Study the
impacts of utilizing renewable sources and energy storages as
the black-start units and their capabilities to provide cranking
power for conventional generators, 3) Integrate the differen-
tial/algebraic equation model of power system dynamics into
the proposed adaptive robust optimization problem to specify
the accurate size and location of the de-energized loads, and the
dynamic reserve contribution of each generation unit.

APPENDIX

C&CG ALGORITHM

A. Inner-Level C&CG Algorithm for Identifying the
Worst-Case Realization of Wind Uncertainty

The bi-level max–min problem (a.1) is a linear MIP in the
inner minimization problem. Thus, it cannot be converted to a
single level using Karush-Kuhn-Tucker (KKT) condition. An
inner-level C&CG algorithm has been proposed to solve such
problems and summarized as following steps:

max
ω∈W

min
y,z∈Ω(x̂,ω)

bT y (a.1)

s.t. By + Qz ≤ g − Ax̂ − H(ω)x̂ : μ (a.2)

Step 1: Set the upper and lower bounds of bi-level optimiza-
tion problem (a.1)–(a.2) as UBi = ∞ and LBi = −∞. Set the
iteration count k = 1.

Step 2: With assigning an initial feasible value to binary
variables vector ẑ(1) and fixing the first-stage decision variable
x̂, the inner minimization problem (a.1) becomes a LP problem
that can be converted to a single-level optimization problem
(a.3)–(a.9) using KKT conditions. Note that in (a.6)–(a.8), μ
is dual variable of constraint (a.2), and constraints (a.7)–(a.8)
are complementary slackness conditions which add non-linear
terms to the constraints. However, binary variables and Big −
M method [16] can be used to linearize those constraints. After
solving optimization problem (a.3)–(a.9), the worst case wind
farm output power realization ω̂(k) is obtained and UBi = Q̂(x̂)

is updated. If UBi − LBi ≤ ε, return ω̂(k) and terminate.

Q(x̂) = max α (a.3)

s.t. α ≤ bT y(v ) ∀1 ≤ v ≤ k (a.4)

By(v ) ≤ g − Ax̂ − H(ω)x̂ − Qẑ(v ) ∀1 ≤ v ≤ k (a.5)

BT μ(v ) ≤ bT ∀1 ≤ v ≤ k (a.6)
(

g −Ax̂ −H(ω)x̂− Qẑ(v ) − By(v )
)

.μ(v ) =0 ∀1 ≤ v ≤ k

(a.7)
(

bT − BT μ(v )
)

.y(v ) = 0 (a.8)

ω ∈ W,μ(v ) ≤ 0, y ∈ Rp ∀1 ≤ v ≤ k (a.9)

Step 3: Having obtained ω̂(k) from (a.3)–(a.9), we solve opti-
mization problem (a.10)–(a.11) to determine the lower bound
of objective function (a.1). Update LBi = max{LBi, b

T yk},
if convergence tolerance UBi − LBi ≤ ε is met, terminate and
return ω̂(k) .

min
y,z∈Ω(x̂,ω̂ (k ) )

bT y (a.10)

s.t. By + Qz ≤ g − Ax̂ − H(ω̂)x̂ (a.11)

Step 4: Create new variables (yk+1 ,μ(k+1)), and add the con-
straints (a-12)–(a.17) to optimization problem (a.3). In (a.13),
ẑ(k+1) is the optimal solution of ẑ at iteration k. Update
k = k + 1 and go to step 2.

α ≤ bT y(k+1) (a.12)

By(k+1) ≤ g − Ax̂ − H(ω)x̂ − Qẑ(k+1) (a.13)

BT μ(k+1) ≤ bT (a.14)
(

g − Ax̂ − H(ω)x̂ − Qẑ(k+1) − By(k+1)
)

.μ(k+1) = 0

(a.15)
(

bT − BT μ(k+1)
)

.y(k+1) = 0 (a.16)

ω ∈ W,μ(k+1) ≤ 0, y ∈ Rp (a.17)

B. Outer-Level C&CG Algorithm for Solving Master Problem

We adopt outer C&CG algorithm to solve the master prob-
lem so as to determine the optimal solution in the first-stage,
including the on time of generation units and energization times
of transmission lines and buses. The outer C&CG algorithm is
described as follows:

Step 1: Set UBo = ∞ and LBo = −∞, and iteration count
k = 1.

Step 2: Solve the master problem (b.1)–(b.4) and derive the
optimal solution (x̂(k) , ϕ̂(k)) and update LBo = cT x̂(k) + ϕ̂(k) .



1920 IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 9, NO. 4, OCTOBER 2018

If UBo − LBo ≤ ε, return x̂(k) , ŷ(k) , ẑ(k) and terminate.

min
x,y,z

cT x + ϕ (b.1)

s.t. ϕ ≥ bT y(l) ∀1 ≤ l ≤ k (b.2)

Fx ≤ f (b.3)

Ax + By(l) + H(ω̂(l))x + Qz(l) ≤ g ∀1 ≤ l ≤ k (b.4)

Step 3: Call inner-level C&CG algorithm to obtain opti-
mal value of Q(x̂(k)) and update UBo = min{UBo, c

T x̂(k) +
Q(x̂(k))}. If UBo − LBo ≤ ε, terminate the algorithm and re-
turn x̂(k) , ŷ(k) , and ẑ(k) .

Step 4: Create new variables (y(k+1) , z(k+1)) and add con-
straints (b.5)-(b.6) to master problem (b.1). Update k = k + 1,
and go to step 2.

ϕ ≥ bT y(k+1) (b.5)

Ax + By(k+1) + H(ω̂(k+1))x + Qz(k+1) ≤ g (b.6)
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