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Improving the Restorability of Bulk Power Systems
with the Implementation of a WF-BESS System

Lei Sun, Weijia Liu, C. Y. Chung, Fellow IEEE, Ming Ding, Rui Bi, and Linjie Wang

Abstract—This paper proposes a restorability improvement
strategy to accelerate system restoration through the
implementation of a wind farm-battery energy storage system
(WF-BESS) system. The concept of restorability is introduced and
a restorability improvement model (RIM) is proposed and
formulated as a mixed integer linear programming problem. To
simulate the cylinder temperature drop during outages, the
cranking time of a unit is modeled as a stepwise function of its
startup time in the RIM. The WF might fail to meet its scheduled
generation outputs optimized by the RIM due to the intermittency
of wind. To tackle this problem, a linearized control strategy for
the BESS (CSBESS) is proposed to minimize the difference
between the scheduled wind power outputs and the combined
power of the WF-BESS system. An iterative method is employed
to efficiently solve the RIM and CSBESS by introducing
optimality cuts. An actual power system case is employed to
illustrate the effective performance of the proposed approach.

Index Terms—Power system restoration, restorability, startup
sequence, battery energy storage system, wind farm, resilience.

NOMENCLATURE
Set:
Q, Set of units.
Qg Set of scenarios.
Parameters:
Ecbap Energy capacity of the BESS.
E°. Allowed minimum energy of the BESS.
E°. Allowed maximum energy of the BESS.
Emin Minimum wind energy generation of typical
" scenarios in the restoration period.
Emex Maximum wind energy generation of typical
v scenarios in the restoration period.
M A constant with big value.
N, Number of states a unit goes through after an outage.
pr Maximum power output of unit g.
8
P Cranking power of unit g.
8
p Maximum charging power of the BESS.
disch Maximum discharging power of the BESS.
P, Rated power outputs of the WF.
Py Minimum wind output of typical scenarios at time ¢.
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Variables:

Maximum wind output of typical scenarios at time z.

Scheduled wind power output solution of the RIM at
time ¢.
Power increase rate limit of the WF.

Power decrease rate limit of the WF.
Wind power outputs at time ¢ in scenario s.

Power demands of all loads.

Reserve power of the power system.

Power losses of the power system.

Ramping rate of unit g.

Cranking time of unit g in state k, where k = 1...Nk.
The k™" separation point of restarting states of unit g.

Starting time of the power system restoration period.

Restoration time horizon, which equals feng minus ;.
Number of time intervals in the RIM.

Number of time intervals in the CSBESS.
Critical maximum time interval for start of unit g.

Critical minimum time interval for start of unit g.

Minimum continuous charge time of the BESS.
Minimum continuous discharge time of the BESS.

Number of time intervals the BESS has been
charging at the beginning of the restoration horizon.
Number of time intervals the BESS has been
discharging at the beginning of the restoration
horizon.

Length of each time interval in the RIM.

Length of each time interval in the CSBESS.

Coefficient of charge/discharge efficiency.
Fluctuation restriction.

Penalty cost.

Tolerance threshold for the difference between the
scheduled wind power and the combined power of
the WF-BESS system.

Initial state of charge of the BESS.

Generation capability of unit g in the restoration time
horizon.

Generation capability of unit g if the unit reaches its
maximum power output at fend.

Generation capability of unit g if the unit is ramping
up at fend.

Energy of the BESS in scenario s at time z.

Active power output of unit g at time .
Abandoned wind power in scenario s at time ¢.

Cranking power of unit g at time ¢.

Active power output of the BESS at time ¢.
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p° Active power output of the BESS in scenario s at
” time .
P Charging power of the BESS at time ¢.
pzt? Charging power of the BESS in scenario s at time ¢.
PO Discharging power of the BESS at time z.
piseh Discharging power of the BESS in scenario s at time
P Active power output of the WF at time 7.
P Combined power of the WF-BESS system at time ¢.
P Combined power of the WF-BESS system in
" scenario s at time 7.
Pyt Scheduled wind power output at time ¢.
Pt Scheduled wind power output in scenario s at time 7.
R, Restorability of a power system after an outage.
log Ending time of the power system restoration period.
t; Starting time of unit g.
£ Cranking time of unit g to begin to parallel with a
¢ power system.
T The A" auxiliary variable representing the cranking
st time of unit g at time ¢, where 4'is 1, 2.
T, T, T* Restoration time vector of buses, lines, and units.

uh s Charge and discharge state in scenario s at time .
N

t,s?

y Auxiliary variable in the RIM.

g.ht
/4 Penalty in scenario s.
Wy The 4™ auxiliary binary variable representing the
h restoration status of unit g at time ¢.
v,,.w,, Auxiliary variables introduced to eliminate the
" absolute operation in the CSBESS.
ye 0/1 variable, equal to 1 if the BESS starts to charge in
i scenarlo s at tume £.
y diseh 0/1 variable, equal to 1 if the BESS starts to
’ discharge in scenario s at time ¢.

z, Binary variable, equal to 1 if unit g reaches its
maximum power output at feng and 0 if it is still
ramping at fend.

A, Multiplier of constraint (60) (dual variable)

Sk Binary variable, equal to 1 if unit g goes through the

k™ state before being started and 0 otherwise.

1. INTRODUCTION

HE increasing number of extreme weather events and cyber
Tattacks in recent years has made power system outages
occur more frequently than ever before. For example,
Ukrainian power companies were attacked by false data
injection on 23 December 2015, sending approximately
225,000 customers into darkness [1]. On 6 September 2016, a
blackout event occurred due to lightning strikes in the northeast
British Columbia Hydro system [2]. The South Australia power
system with high renewable penetration experienced a major
outage because of a severe storm in 2016, which led to a power
shortage for about 1,700,000 people and caused an economic
loss of around $367 million Australian dollars [3]. In summary,
outages have significant negative impacts on the economy and
society, and those impacts grow exponentially with increased
outage time. A fast and reliable restoration planning strategy is
helpful to reduce outage time and accelerate the speed of power

system restoration. Therefore, a reasonable restoration planning
strategy is urgently needed, especially for modern power
systems characterized by high penetration of renewable energy
resources. If not handled properly, the volatility, intermittency,
and uncertainty introduced by the renewable energy resources
can prolong the restoration procedure or even lead to critical
restoration failures [4]. Wind power, as an important
pollution-free renewable energy resource, has been
increasingly installed worldwide in recent years [5]. However,
the growing penetration of wind power affects many aspects of
power system operation, including power system restoration
after a blackout. Therefore, investigating the role of wind
power in power system restoration is necessary.

Restoration planning for the conventional power systems has
been well studied in existing literature [6]-[8]. With the
growing integration of wind power into power systems, some
researchers have noted the possible role of wind energy in
accelerating restoration speed. In [4], the control strategies for
restarting Type 3 wind turbines and starting a local power
system by deploying Type 3 wind turbines are proposed.
Battery rating is discussed to meet the power balance
requirement. System frequency stability can be maintained by
the control strategy for Type 3 wind turbines and the impact of
control parameters on the frequency response is assessed.
Reference [9] proposes a two-stage adaptive robust
coordination strategy of wind and pumped-storage hydro units
for system restoration. The results show that the load pickup
capability can be improved by storing/releasing wind energy
with the aid of pumped-storage hydro units. Reference [10]
proposes a restoration planning tool considering the
participation of wind energy. To handle the uncertainty of wind
power, the proposed model is expressed as a stochastic
programming model and solved by the L-shaped method.
Reference [11] investigates the black start participation of a
doubly-fed induction generator based wind turbine and
proposes a control strategy for the associated energy storage
system. The results verify the black start capability of the
doubly-fed induction generator based wind turbine with a
battery energy storage system (BESS), where the wind turbine
provides active and reactive power and the BESS is employed
to minimize power imbalance and maintain the load voltages
through the converters. In [12], the restoration sequence of
generation units and loads is optimized by a dynamic
programming method, assuming that the power outputs of wind
farms (WFs) are relatively stable. Reference [13] proposes a
robust optimization model to maximize the dispatched power
of WFs at the beginning of the power system restoration
process. In most existing studies, the wind power takes part in
the power system restoration in a passive way. The uncertain
wind power outputs are regarded as parameters (e.g., negative
uncontrollable loads) in existing restoration models. As a result,
the optimized restoration strategies must sacrifice restoration
speed to accommodate wind power fluctuations. Worse yet is
that the intermittency of wind may also result in restoration
failures.

To improve the utilization efficiency of wind power,
integrating a BESS into a WF has been shown to be an efficient
solution [14]. The role of BESSs can be generally described as:
1) smoothing the power outputs of WFs [15]-[16]; 2) meeting
the scheduled power outputs of WFs [17]; and 3) improving the
ancillary service capacity of WFs [18]-[19], including peak
shaving, automatic generation control, and black start service.
Experts have investigated the implementation of a WF-BESS
system in areas including but not limited to [19]-[22]: 1)
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automatic generation control; 2) power system operation cost
reduction; 3) power system reliability and power quality
enhancement; 4) voltage profile improvement; and 5) peak
shaving. However, the application of a WF-BESS in power
system restoration has not been well investigated. With the aid
of a BESS to level off the output fluctuations, the wind power is
able to produce sustainable and reliable power generation and
takes part in power system restoration in a positive way. Thus,
the implementation of a WF-BESS system in accelerating
power system restoration speed is one of the main contributions
of this paper.

When a blackout occurs, the non-black-start units (NBSUs)
cannot be restarted until they receive cranking power supplied
by the black-start unit (BSU). As the outage time increases, the
cylinder temperature of an NBSU gradually decreases which
means more time is needed for the corresponding NBSU to
restart. The cranking time of the NBSU, which greatly impacts
the restoration process, depends on the profile of its cylinder
temperature. In existing works, the cranking time of an NBSU
is generally assumed to be constant for simplification; therefore,
the drop in cylinder temperature is ignored during the entire
power system restoration process. However, this simplification
may result in over-optimistic, or even infeasible restoration
strategies. On the other hand, modeling the detailed
mathematical function of the cranking time and cylinder
temperature is difficult. In this work the cranking time is
modeled as a stepwise function of the outage time, taking the
cylinder temperature drop into account.

This paper proposes a restorability improvement strategy for
power systems with a WF-BESS system. Compared to existing
works, the proposed method aims to integrate the WF-BESS
system into power system restoration planning models and
employ the positive role of the WF-BESS system to accelerate
the restoration procedure. The concept of restorability is
defined as the generation capability during the restoration
period divided by the restoration time, and a restorability
improvement model (RIM) is proposed to maximize the
restorability for the purpose of improving the resilience of
power systems. The cranking time of NBSUs is formulated as a
stepwise function of their outage time considering the
relationship between cranking time and cylinder temperature.
By employing the linearization method, the proposed RIM is
expressed as a mixed integer linear programming (MILP)
problem. Typical wind power generation scenarios are
generated and reduced to model the uncertainty of wind power
outputs, and a control strategy for the BESS (CSBESS) is
proposed to ensure the power outputs of the WF-BESS system
can meet the scheduled wind power optimized by the RIM. If
the difference between the scheduled wind power and the
combined power of the WF-BESS system exceeds a given
threshold, a cut will be generated and added to the RIM. The
RIM and CSBESS are solved iteratively until the termination
criterion is reached. The contributions of this paper are
summarized as follows:

1) The concept of power system restorability is defined and a
restorability improvement model is proposed. In addition to
the maximization of generation capability that has been
widely considered in existing work, the proposed RIM also
investigates the impacts of the length of restoration period
on the restoration planning results, which had not yet been
properly studied.

2) The generation capability during the restoration period is
modeled more accurately compared to existing studies.
Instead of relying on fixed cranking times and installed

capacities of NBSUs, the proposed method models the
time-varying characteristics of NBSU cranking times and
integrates comprehensive features of NBSUs, such as
ramping status, to enhance the accuracy of generation
capability modeling.

3) The role of the WF-BESS system in accelerating the power
system restoration process is studied and an optimal control
strategy for the BESS is developed to operate the BESS
during the restoration period.

4) Linearized methods are employed to formulate the RIM and
CSBESS as MILPs, which can be efficiently solved by
commercial solvers. To reduce the computational burden,
an iterative solution strategy is employed to solve the
proposed models by generating cuts.

The remainder of this paper is organized as follows. Section

IT describes the WF-BESS system as well as the system

restoration strategy considering the WF-BESS system. Section

IIT introduces the definition of restorability and proposes the

RIM. Section IV presents the CSBESS. Section V presents the

solution method. Section VI presents the simulation results.

Section VII presents conclusions of the work.

II. SYSTEM RESTORATION STRATEGY CONSIDERING THE
WF-BESS SYSTEM

A. System Description

In this work, the WF-BESS system is comprised of a WF and
a BESS, as shown in Fig. 1. The wind energy is converted into
electrical power in a WF, the power output of which is
determined by conditions and profiles of on-site wind. In this
paper, a BESS with a fast response and exhibiting high
performance is deployed to enhance the flexibility of the WF.
The BESS is designated to compensate for output fluctuations
of a WF and ensure the wind power can exactly meet the
scheduled power. The power output of the BESS at time # can
be expressed as

Rb :Rdisch _Ptch (1)
If P’ is positive, the BESS is supposed to be discharged;
t

otherwise, the BESS should be charged. The assumed direction
of power flows is denoted by the arrows in Fig.1.

The combined power output of the WF-BESS system is the
sum of the power output of the WF and that of the BESS, which
can be expressed as

Rwh:Bb + th (2)

In this work, the Latin hypercube sampling method [23] is
applied to generate a number of scenarios to describe the
stochastic nature of wind power based on the Weibull
distribution, and an efficient scenario reduction algorithm [24]
is employed to produce a set of typical scenarios for the purpose
of reducing the computational burden. Both the Latin
hypercube sampling method and scenario reduction algorithm
have been well studied and are beyond the scope of this paper,
and therefore are not described in detail.

Note that the WF and BESS are generally connected to the
main grid through the point of common coupling. Therefore,
the WF and the BESS are usually placed close to each other
[18], [25]-[26]. If the WF and the BESS are not placed close to
each other, the BESS energizes the transmission lines that
connect the BESS and the WF, and the WF can be restarted by
the power supply from the BESS after an outage [4]. The BESS,
WF and energized transmission path constitute a WF-BESS
system. The focus of this paper is on investigating the role of
WEF-BESS systems in power system restoration and improving
the restorability of power systems with the aid of the WF-BESS
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system. Therefore, selection of the energized transmission path
and how to model the restart process of the storage are not
discussed.
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Fig. 1 Schematic of a typical integrated WF and BESS system.

B. System Restoration Strategy

After an outage, a system restoration strategy that consists of
the restart of units, restoration of transmission lines, and load
pickup is employed to bring the system back to a normal
operating condition. This paper focuses on the first task of the
restoration process, which aims to restart units. Some units can
be started on their own without a power supply from the grid,
and are called BSUs. Other units, called NBSUs, can only be
started by receiving cranking power supplied by BSUs [10].

With the aid of a BESS, the outputs of a WF can be regarded
as dispatchable with respect to certain limitations. The
WEF-BESS system can act as a black-start source to take part in
the power system restoration. In our scheme, the available
power of the WF-BESS system is taken into consideration in
the system restoration strategy. The power outputs of a WF are
scheduled by taking into consideration their role in accelerating
the restart of units, which is carried out in the proposed RIM.
The control method of the BESS is applied to ensure the actual
power outputs of the WF-BESS system can meet the scheduled
ones, and the objective of CSBESS is to minimize the
difference between the scheduled wind power outputs and the
combined power outputs of the WF-BESS system.

III. RESTORABILITY IMPROVEMENT MODEL

A. Definition of Restorability

Restorability can be regarded as an important resilience
index for a power system in the restorative state. According to
the resilience metrics introduced in [27]-[28], restorability can
be defined as the total generation capability throughout the
restoration period divided by the length of the restoration
period, which is given as:

2. €

R = g€ (3)

C

T
where T=tna-tsr. To simplify the expression, the starting time
can be assumed as 0.
The power capability of a unit is related to its starting time,
cranking power demand, cranking time, ramping rate, and
maximal capacity. The detailed startup characteristics of unit g

are shown in Fig. 2, where unit g is cranked at t;‘, and after
. c . .
time 7, begins to ramp up and parallel with the power system.

At time ¢ +£,+P,' /R, the active power output of unit g is

equal to its cranking power demand, and it is able to deliver
active power to the system thereafter. During the restoration
procedure of unit g (from £ to fena), if unit g reaches its maximal
output at f.nq, its generation capability is the area of the dark

green region minus the area of the dark orange region in Fig.
2(a), which can be calculated as

2
Pmax Pmax +Ps| 1 PS!
: (&™) = ) g1} 1~ R (1 DR
g g g (4)
(P4 p)
— g g + szle _[slpmax _ [c (Pmax + Psl)
zRg g g g g g g
Power4

st |
By

(b)

Fig. 2 Startup characteristic of unit g

If unit g is still ramping up at fen¢ as shown in Fig. 2(b), its
generation capability is the area of the light green region minus
the area of the dark orange region and is calculated as

C,o=05R, (1,14 ~15—P* /R Y ~0.5( +£+ P /R )P -
=0.5R, (t‘;,’ +£ )2 Rty =P =Rt gt +OSR 2 —1, P

Therefore, taking these two cases into account, the total
generation capability during the restoration period can be
expressed as

st c max st
loa 2 1y +tg+(Pg + P, )/Rg

g1 end —

C =

g

(6)

st c max st
2.2 tcnd<tg+tg+(f)g +[)é' )/Rg

B. Mathematical Model for Restorability Improvement

A mathematical model for restorability improvement is
proposed in this subsection, with the objective of maximizing
the restorability index, shown as:

max R, @)

According to (3)-(6), the only variables in (7) are t;‘ and 7,

once the starting time and ending time of the restoration
procedure are fixed. Thus, (7) can be reformulated as:

max Z C, 3

2eQq
—(I—Zg)MSCg—CgJS(l—Zg)M 9
-z,M<C,-C,,<z M (10)

(z,DM <ty =t —t:—(P™ + P ) /R, <z,M (1)

The quadratic part in C,» can be linearized by piecewise
linear approximation [29]. To secure the system restoration
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procedure, the following constraints should be met [9], [30].
1) Constraints of critical minimum and maximum time:

£>T™, VgeQ, (12)

ty <T™, VgeQ, (13)

Eqn. (12) shows that the starting time of unit g should be
larger than its critical minimum time. Eqn. (13) indicates that
the starting time of unit g should be smaller than its critical

maximum time.
2) Constraints of start-up power requirement:

P+ Y (P, =P )20,V =1, Tt =tV 1V, (14)
8€Qq

If the cranking time of a unit is constant, (14) can be
linearized by the method proposed in [31]. However, as the
outage time increases, the cylinder temperature decreases and
thus a unit requires more time to restart. In this paper, units are
divided into four restarting states: extremely hot start-up, hot
start-up, warm start-up, and cold start-up [32]. The lower the
cylinder temperature, the longer the cranking time. For
simplicity, the cranking time of a unit at each stage is assumed
to be constant, as shown in Fig. 3. Therefore, the cranking time

of unit g can be expressed as

Ny
=0 + 2000 (1) (15)
k=2
5,71 (16)
~(1=8OM <t} -t <SEM k€[2,..,N] (17

The accuracy of this stepwise approximation can be easily
enhanced by increasing the number of steps according to the
characteristics of the units, but this is not further discussed
herein.

4
tc,4“ 5;,'
g
3
tc,3 5g
g
2
c,2 5;,’
g !
tc,l 5g
g 1 1 -
1 2 3 45
by Ly 1, e e
§Extremely§H0t state Warmstate|  Cold state

i hot state ] i
Fig. 3 Cranking time of units in different states (Nx=4)

The critical minimum and maximum time constraints (12)
and (13) can be relaxed by setting proper parameters according
to Fig. 3, for the following reasons.

1) The value of #;" for unit g with minimum time constraints

can be set as a large value, and the value of t; is set as the
minimum startup time. In this way, the optimal startup time of
unit g will be larger than its minimum startup time.

2) The value of t;"‘ for unit g with maximum time constraints

can be set as a large value, and the value of t; is set as the

maximum startup time. In this way, the optimal startup time of
unit g will be less than its maximum startup time.

By introducing a new variable 7" and employing the

method in [31], the start-up power requirement can be shown as
D (Vo RV AW, VR -TUSR Aw, , P& =, P

gLt g glt" g g2t g3t g
gEQG

(18)
+P >0, =tV 1V,

The introduced auxiliary variables wg,and v, (where i =
1,2,3) respect the following constraints:

0< We i, T Wep, S 1, VgeQ, (19)
t(wg,l,t + wg,z’,) >t— t;‘ -ty, VgeQ, (20)
vg!]’t-i-T:]"’fSt, VgeQ, 2D

vg,Z,t + g2t

Tau,C +Wg,2,t ([;max + Pgsl)/Rg /VT <t . Vg S QG (22)
Wy, }ESE + 1+ (PP +PY)/R, IV, VgeQ, (23)

Vess St Vg ey 24)

Wy, 2t=t;, VgeQ, (25)

0<v,,, <w., Ts, VgeQy (26)
ty=(=w,, )T <v,, <ty +(1-w,, )T, Vg €Qy 27

Eqn. (19) shows that unit g cannot keep ramping up and
reach its maximum capacity at time ¢ simultaneously. Eqn. (20)
indicates that unit g either ramps up or reaches its maximum
capacity at time ¢ after t;‘ +1,. Eqns. (21) and (22) show that
unit g cannot ramp up and reach its maximum capacity before

t; +t, and t;‘+t§+(f;m""‘+P;‘)/R respectively. Eqn. (23)

g b
forces that unit g cannot keep ramping up once the maximum
capacity is reached. Eqns. (24)-(27) indicate that unit g cannot

be restarted before tz,‘ )

The variable 7.7, satisfies the condition that 7., = w, , ;.
By employing the big-M method, 7", can be linearized as
0T, <w, M (28)
~(l=w, y IM <TS —to <(1-w,,, M (29)
Eqns. (28) and (29) show that the variable 7", is equal to
t, if w, ., is 1, and O otherwise.

3) The restoration time constraints of lines, buses, and units

are given by
G(T,,T,,T")<0 (30)

Eqn. (30) shows the mathematic relationship of restoration
time of lines, buses, and units, which is introduced in detail in
[31].

4) The scheduled wind power output/energy limits [33] are
given by

])lw,min S ])lw,sch S Bw,max (31)
T
E::in < ZEw,scllVT < E\Tax (32)
t=1

Eqns. (31) and (32) enforce that the scheduled wind power
output at time ¢ and scheduled wind energy are respectively
between the upper and lower bounds.

5) The ramp rate limits of the scheduled wind power are
given by

Pw SE™ =P <p,, (33)

Eqn. (33) enforces that the ramp rate of the scheduled wind
power is between the upper and lower bounds.

Moreover, the restoration constraints of a concerned line
should also be considered in the proposed model, and this is
introduced in [31] in detail. Note two major improvements in
the model presented here compared to that in [31]. First, the
model in this work takes into consideration the relationship
between cranking time and starting time of units. In practice,
the cranking time of units will be prolonged due to the increase
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in starting time in the actual system restoration process, and
thus the proposed expanded model is more suitable for actual
applications than [31], which assumes the cranking time of
NBSUs is constant. Second, the proposed mathematical
expression of the generation capability during the restoration
period is more accurate, as both the units that have reached their
maximum power output and those that are still ramping at the
end of the restoration period are properly modeled.
To sum up, the RIM can be formulated as
Obj. (8)

st (4)=(5),(9)-(13),(15)—(33)
IV. CONTROL STRATEGY FOR ENERGY STORAGE

Due to the intermittency and volatility of wind power, the
actual wind power in the power restoration procedure might not
be scheduled as optimized in Section III. As a powerful tool to
address uncertainties [34], [35], the scenario analysis method is
employed in this paper to cope with the uncertainties of wind
power outputs.

In this section, a control strategy for the BESS is proposed to
ensure the power output of the WF-BESS system matches the
scheduled power obtained by the RIM (34). A small difference
is acceptable in most cases [36], and the objective function is
constructed to minimize the penalty resulting from a large
power difference between the scheduled wind power and the
actual combined power of the WF-BESS system for each
representative wind scenario s, which is expressed as

(34

Ty
min W, =Y H(P" - P*") (35)

t=1
where H() is the penalty function, which can be described as:

) {0 |x|£ﬂ (36)
H(x)=
T(|x|—z3) |x|> V2]

Note that (35) is compatible. If the value of /3 is reduced to 0,

the objective is changed to minimize the difference between the
scheduled wind power output and the power of the WF-BESS
system.

However, the objective function in (35) is not convex,
therefore making it difficult to solve effectively. To reduce
computational burden, a linearization method is proposed and

(35) can be reformulated as:
TB

min Zn//w (37)
t=1
W, @, 20 t=12..T; 5seQ (38)
v, 2o, t=1,2.T,,seQq (39)
~@, <P" -P"" <@, 1=12.T,seQ; (40)

The following constraints for each scenario s should be met.
1) Power limits of a BESS.

P’ =P%" — P (41)
0< P < ponush (42)
0< PRI < potu” (43)

Eqn. (41) shows that the actual power of the BESS at time # is
equal to the discharging power minus the charging power. Eqns.
(42) and (43) respectively show the minimum and maximum
power limits of the charging and discharging power of the
BESS.

2) Energy limits of a BESS.

EP, =E’ —nP V, Vt=0,.,T,~1

t+l,s t+l,s

(44)

Ep, <E <Ep. Vt=0,.T, (45)
E,, =kE,, (46)
Ep =E,, 47)

Eqn. (44) shows the energy transition equation of the BESS
at different times. Eqn. (45) enforces that the energy of the
BESS is within the upper and lower bounds. Eqn. (46) shows
the initial energy of the BESS is x times as much as its energy
capacity. Eqn. (47) enforces that the energy of the BESS
remains the same at the starting time and ending time of the
restoration process.

3) Constraint of charging/discharging state.

Ut <1 (48)

Eqn. (48) guarantees that the BESS cannot simultaneously
charge and discharge.

4) Constraints of power outputs of the WF-BESS system.

RY=Ri+RL-Fy (49)
0<PY<P" (50)

Eqn. (49) shows the power output of the WF-BESS system is
equal to the sum of the power output of the BESS and the WF
minus the abandoned wind power. Eqn. (50) indicates the
minimal and maximal limits of abandoned wind power.

5) Minimum charge/discharge time constraints. To reduce
the number of charge/discharge cycles of energy storage units,
the minimum charge/discharge constraints should be met [37].
Similar to the minimum up time constraints in unit commitment
problems [29], the minimum charge time constraint is

described as:
Tch,l

[1-u]=0 (51)
=1
U 1
Z ”zc}: 2 Ut:‘:nytcj: ’ Vi= Tch,l + 17' ) Tch,z (52)
i=t
TB
Z[ufi—yf’i]ZO,Vtzl"ch,2+l,~~',TB (53)
i=t
where Tch,lzmin[Ta(Urcn};n -Uy ”gh:| , T, =T =Upi, +1.
The minimum discharge time constraint is described as:
Td1<ch.|
> [1-u]=0 (54)
t=1
+Up -1 ) '
z “flsSCh 2 U;(::is:hyslsxh S VE=Thn, + L Thsn,  (55)
i=t
Ty ) )
Z[”:lsm _yglssCh] 20,Vi= Tdisch,z +1,0 Ty (56)

i=t

Where T:iisch,l

znn-n[T’(Udisch _Ugisch ugisch:| , Tdiscm =7 _pdish 41,

6) Logical relationship constraints of variables yf‘; and uf‘; .

ch
t,s

ch
t-1,s

ch
t,s

The variable y equals 1 if and only if u;" equals 1 and u

equals 0, which is expressed as:
-(1- yf}; WM <u

t,s -

ch ch
us, <y M

.5

(57)
In the same way, the logical relationship constraint of
variables y™ and 4™ is expressed as:

t,s t.s

disch disch disch disch
=y M <u 7 —u 5 <y M

(58)
t,s

7) Maximal fluctuation constraints of the combined power in
contiguous time intervals.

~y Py <BY =P <yP (59)

-1 rated
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Eqn. (59) enforces that the ramp rate of scheduled wind
power is between the upper and lower bounds.
8) Constraints of scheduled wind power for scenario s.

w,sch __ pw,sch
Pt,s _Pr > ﬂ’

s (60)
Eqn. (60) shows that the scheduled wind power outputs for
each scenario equal those attained in the RIM.
To sum up, the CSBESS can be formulated as
0Obj. (37)

st. (38)—(60) (61)

V. SOLUTION METHOD

A. Modification of T

Eqn. (3) shows that the value of T has a great impact on the
restorability R.. Due to the complexity and uncertainty of
power system restoration procedures, exactly identifying the
value of T is not easy, and therefore an estimation and
modification method is proposed to determine the value of T.

At the initial stage, T is estimated based on the experience of
system operators. When the generation curve of the power
system is obtained by the RIM, the value of 7 can be modified.
The restoration procedure is not assumed to terminate until all
loads in the system are restored. znq can be regarded as the
minimal time point at which the active power of all units is
larger than the sum of all loads, reserve power, and power
losses, where the last two parts can be set as 8% of the total
generated power [38]-[39].

tend = {mln t | Z f?g,t 2 Pload + f)rev + Ploss} (62)
geQg
Therefore, the modified value of T is expressed as
T:tend _tst (63)

Note that after T is modified, the RIM will be solved again
based on the renewed T.
B. Solution Procedure
Benders decomposition is adopted to solve the proposed
RIM-CSBESS coordination strategy. The RIM is regarded as
the “master” problem, while the CSBESS serves as the “slave”
problem. If the objective function of the CSBESS is not equal
to zero, a generated cut (64) is added into the RIM.
T, R
Wor A (R = Bt) <0 (64)
t=1
Both the RIM and CSBESS are formulated as MILP models

and can be solved by high-performance commercial solvers.
The flowchart of this solution method is as follows:

Estimate the value of T and input all parameter data.
Solve the RIM (34) based on the estimated 7.
Modify the value of T through (63).
Solve the RIM (34) based on the updated 7.
For any ¢, s:
Solve the CSBESS (61). If objective (37) is not 0,
generate a cut based on (64).
6. If all of the objectives of the CSBESS for different
scenarios are 0, the algorithm terminates. Otherwise,
aggregate the generated cuts and add them to the RIM,
then return to step 2.

N =

The proposed power system restoration strategy is based on
two optimization problems that provide the mathematical
foundations for the actual restoration planning. As long as each
NBSU is restarted at its optimal starting time as indicated by the
proposed method and the outputs of the WF-BESS are
scheduled as optimized, the restorability of power systems can
be improved in the actual restoration process. The effective

performance of the proposed approach is illustrated by
employing a case study of an actual power system in China,
which is shown in Section VI.

VI. SIMULATION RESULTS

A simulation test is implemented on a 64-bit personal
computer with a 3.3 GHz CPU and 8 GB RAM. The algorithms
are implemented in AMPL [40], and a highly efficient
commercial solver CPLEX is employed to solve the models
developed [41].

A. Test System Description

To demonstrate the effectiveness of the proposed method, its
application to the Guangdong power system in China is
presented. This partial network consists of 29 units, 163 nodes,
and 212 transmission lines. The detailed topology is shown in
Fig. 4.

The rated power of the wind turbine is 15 MW. The
maximum ramp down rate and ramp up rate are -60 and 60
MW/h, respectively. The length of the time intervals for the
RIM and CSBESS are 10 and 5 min, respectively. The
restoration time of each transmission line is 5 min. The
parameters of the WF and the BESS are shown in Table I. The
BESS has been discharging for 15 min when the outage occurs.
A total number of 10 representative scenarios of wind power
outputs are employed.

154 15 158 160 161

Fig. 4 Topology of the Guangdong power system in China employed in the case
study.

B. Final Restoration Planning Determination

Using the proposed method, the maximum restorability is
calculated, and the control strategy of the BESS for the studied
network is created. The estimated value of T attained based on
the experience of operators is 500 min. After the RIM is first
solved, the value of T is modified to 220 min. After 21
iterations, the termination criterion is reached. The restorability
of the power system is 2570.0 MW. Table II shows the optimal
startup time stamps of all NBSUs. The Unit at bus 2 is the first
to be started, and its starting time is at the 30" min.

C. Comparison of solutions by employing different methods

To illustrate the effectiveness of the proposed method,
comparisons of power capacity achieved by employing the
proposed method and the method in [30] are depicted in Fig. 5,
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where the red line represents the solutions attained by the
proposed method. The total power capacity at the 220" min of
the studied power system is 9102 MW, and the total energy
capacity in the studied period is 9423.2 MWh. The black line
represents the generation outputs attained by employing the
method in [30], where the cranking time of NBSUs is fixed,
based on a fixed cylinder temperature. The total power capacity
at the 220" min attained by employing the method in [30] is
8804 MW, and the total energy capacity in the studied period is
9169.8 MWh. Fig. 5 shows that employing the proposed
method results in a larger power capacity and total generated
energy than the method in [30].
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Fig. 5 Comparisons of power capacity achieved by employing the method in
this paper and that in [30].

The approach is validated in Table III, which shows that the
proposed WF-BESS combined restoration strategy can improve
the restorability of power systems. Comparison of power
capacity achieved by employing the WF-BESS combined
strategy and WF only strategy based on Scenario 1 is shown in
Fig. 6.

TABLE III

RESTORABILITY RESULTS OF THE WF-BESS COMBINED STRATEGY AND
WF ONLY STRATEGY BASED ON TEN SCENARIOS (MW)

Scenarios WEF-BESS combined strategy WF only strategy
1 2760.9 2420.3
2 2620.5 No solution
3 2612.7 No solution
4 2773.9 2589.2
5 2615.5 No solution
6 2600.0 No solution
7 2777.1 2567.5
8 2617.1 No solution
9 2735.0 2319.3
10 2725.7 2385.5
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Fig. 6 Comparison of power capacity achieved by employing the WE-BESS

TABLE 1
PARAMETERS OF THE WF-BESS IN CASE STUDY
WEF data
EM™ 34.23 (MWh) E™ 34.95 (MWh)
Do -60 (MW/h) Do 60 (MW/h)
Pl 15 (MW)
BESS data
Ey, 1 (MWh) Eb, 10 (MWh)
. 10 (MW) P 10(MW)
us 25 (min) Ui 25 (min)
U 0 Ugs" 15 (min)
4 0.6 B 0.1 (MW)
b
E;, 11 (MWh) K 0.6
U 0.95
TABLE II
STARTUP TIME OF NBSUS
No. of Units 19 3 53 44 45 122
Starting time/min 70 60 90 80 70 70
No. of Units 46 76 2 126 110 125
Starting time/min 70 60 30 70 60 60
No. of Units 56 50 147 152 43 158
Starting time/min 70 70 70 90 60 110
No. of Units 124 161 145 34 71 20
Starting time/min 90 80 80 40 60 80
No. of Units 72 62 115 139 136
Starting time/min 90 110 90 80 60

The solutions of the two strategies, i.e., the WF-BESS
combined strategy and WF only strategy, are compared based
on ten representative scenarios. The results of ten scenarios are
given in Table III. By employing the WF only strategy, five
scenarios have no solutions because the fluctuating wind power
cannot provide sustainable cranking power for the NBSUs.
With the aid of a BESS, the optimal solution can be attained for
each scenario by employing the WF-BESS combined strategy.

combined strategy and WF only strategy based on Scenario 1.
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Fig. 7 Power outputs of the WF and BESS, scheduled wind power, and
abandoned wind power in Scenario 8.

D. Sensitivity Analysis

Fig. 7 shows the power outputs of the WF and BESS, the
scheduled wind power, and the abandoned wind power in
Scenario 8 where the wind power output is the most volatile
among all scenarios. The wind power outputs fluctuate
violently in this scenario, and the BESS alternately charges and
discharges to ensure that its energy can be flexibly dispatched.
With limited abandoned wind power outputs, the power outputs
of the WF-BESS system can meet the scheduled power.

Fig 8 shows the power outputs and energy capacity of the
BESS in Scenario 8. The left axis indicates the power outputs of
the BESS. The BESS is discharging if its power output is
positive, and vice versa. The right axis indicates the energy
capacity of the BESS. Due to the minimum charge/discharge
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time constraints, each charge state or discharge state lasts for at
least 25 min.

T T — 11
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Fig. 8 Power outputs and energy capacity of the BESS in Scenario 8.
TABLE IV

RESTORABILITY RESULTS AND ITERATION NUMBERS FOR
DIFFERENT BESS POWER CAPACITIES

Power capacity of Restorability Iteration
the BESS (MW) results (MW) numbers
7 2328.7 36
8 2401.0 34
9 2401.0 21
10 2570.0 21
11 2584.7 11
12 2587.8 10
13 2607.1 8
TABLE V
RESTORABILITY RESULTS FOR DIFFERENT INITIAL STATE
OF CHARGE OF THE BESS
Initial state of Restorability results
charge of the BESS (MW)
0.1 No solution
0.2 2384.0
0.4 2408.7
0.6 2570.0
0.8 2570.0
0.9 2570.0
TABLE VI

RESTORABILITY FOR SCENARIOS WITH DIFFERENT
KANTOROVICH DISTANCES

Change in Kantorovich Restorability results

distance (MW)
-3% 2581.5
2% 2578.8
-1% 2572.0

0 2570.0
+1% 2563.2
+2% 2544.9
+3% 2533.5

Table IV shows the restorability results and iteration
numbers for different BESS power capacities. As the power
capacity of the BESS increases, the restorability of the power
system is improved. A BESS with a larger power capacity can
respond to the demand for more power, and thus the starting
time of NBSUs is shortened. Furthermore, the coordination
between the RIM and CSBESS converges faster for larger
BESS power capacities.

Table V shows the restorability results based on different
initial states of charge of the BESS. It’s seen from Table V that
the restorability of the power system increases as the initial
state of charge of the BESS increases. However, the
restorability no longer increases once the initial state of charge
of the BESS is larger than 0.6.

The impact of the uncertainty level of wind power outputs on
the restorability is also investigated. In this work, the scenario

analysis method is employed to address the uncertainty, and the
uncertainty level is measured by the Kantorovich distance of
selected representative scenarios [42]. The Kantorovich
distance of employed scenarios in the case study is set as the
reference value, and the scenarios with increased and decreased
distances are employed to simulate the effect of the uncertainty
level of wind power outputs on the restorability solutions,
which is shown in Table VI. Table VI shows that the
restorability result decreases as the Kantorovich distance of
scenarios increases. When the uncertainty of wind power
increases, the results are inclined to be conservative when
taking scenarios with a larger Kantorovich distance into
account, and therefore the restorability result decreases.
E. Computational Cost Analysis

Fig. 9 shows the changes in the power difference penalty
between the scheduled power wind power outputs and the
actual power outputs of the WF-BESS system with the increase
in the number of iterations. After 21 iterations, the power
difference is within the threshold. Therefore, the proposed
method is verified as highly effective. The total computation
time of the presented strategy for the actual power system is
2960.9 s, which is acceptable for restoration planning.
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Fig. 9 Changes in the power difference penalty with increasing iteration
number.

VII. CONCLUSION

This work investigated the positive contribution of a
WEF-BESS system to accelerating the restoration speed of
power systems after outages. The concept of restorability is
defined, and a restoration strategy for improving system
restorability is proposed. The output of a WF is scheduled by a
RIM model to provide active power to restart NBSUs. A BESS
is employed and a CSBESS is developed to compensate for the
volatile generation output of the WF so that the power outputs
of the WF-BESS combined system can track the scheduled
wind power optimized by the RIM. The performance of the
proposed methodology is verified by simulations on the actual
Guangdong power system. The simulation results indicate that
the restorability of power systems can be significantly
improved by employing the WF-BESS combined system.
Moreover, the power capacity of BESSs greatly impacts the
restorability improvement. Taking the uncertainty of wind
power modeled by multiple scenarios into account, the
proposed strategy demonstrates great potential for practical
applications.
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