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Service Restoration for a Renewable-Powered
Microgrid in Unscheduled Island Mode

Binyan Zhao, Xiaodai Dong, Senior Member, IEEE, and Jens Bornemann, Fellow, IEEE

Abstract—This paper deals with the service restoration prob-
lem in renewable-powered microgrids that are driven islanded
by an unscheduled breakdown from the main grid. The objective
is to determine the maximum of the expected restorative loads
by choosing the best arrangement of the power network configu-
rations immediately from the beginning of the breakdown all the
way to the end of the island mode. The intermittency nature of
the renewable power, as well as the uncertainty of the duration
of the breakdown pose new challenges to this classic optimization
scheduling task. The proposed two scenario-splitting methods can
be solved in a two-step solving procedure, in which a Lagrangian
technique and dynamic programming are utilized to provide an
analytical sub-optimal yet efficient solution to the original prob-
lem. Simulation results demonstrate that both methods can find
solutions very close to optima effectively; the scheduling plan
should be adjusted when the time evolves, especially when the
renewable power generation takes a large portion in the power
supply; and the energy storage system plays a significant role
to reduce the risk of unreliability in the wind power forecast-
ing, even with a small amount of capacity. Finally, the proposed
approach can be applied to radially configured systems with other
types of distributed generators.

Index Terms—Microgrid (MG), power network configuration,
renewable power sources, service restoration (SR), unscheduled
breakdown.

NOMENCLATURE

Symbol Description

agy, Bo Priority level of critical and noncritical
loads.

A Synchronized ramping rate of one DR
unit.

e Convergence criterion parameter.

Ay Wind power forecast error.

0060 ,0((_")_) Lagrangian multiplier.

Mo Mean of wind power forecast error.

o2 Variance of wind power forecast error.

I'(s") Beginning instant that scenario s does not
share a bundle with scenario s'.

LY Lagrangian function.

70 Step size of each iteration.

T Limitation of the operation times.
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Operation cost of each switch demand can
be fulfilled partially.

State index.

Load point index (subscript).

Distributed generator index (subscript).
Specific bus in which the first or
the second priority can be fulfilled
partially.

Previous scenario of scenario s.

Scenario index for different disconnection
durations.

Time index (half an hour).

Initial time when the breakdown happens.
Optimal critical loads status indicator.

Critical loads status indicator where 1
means satisfied and 0 means shed.
Optimal noncritical loads status indicator.

Noncritical loads status indicator where 1
means satisfied and 0 means shed.

Wind power capacity.

Switch status indicator of state 4 where 1
means closed and 0 means open.

State & consists of different status of K
switches.

Total cost of operation from one state to
another.

Transfer matrix of operation cost in dif-
ferent states.

Dual function.

Dynamic programming.

Distributed resource.

Critical loads in one load bus at one time
instant.

Actual critical loads in bus & at one time
instant.

Energy storage system.

Fuel cell.

Generation amounts of DR in time
instant ¢ including the target generation
of wind turbines when j = w.

Capacity of each distributed unit.

Total number of possible states in the
power network.

Return function for state & of scenario s
to proceed DP.
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J Probability-based expected matrix to
proceed DP.

K Total number of switches in the power
network.

L(.,.) Total weighted restored loads.

M Total number of distributed units.

Mieft Remainder of the generation.

MT Microturbine.

MG Microgrid.

N Total number of load bus.

NumM Transfer matrix of operation times in
different states.

Py Probability of different cases of break-
down duration.

ﬁw‘t Forecasted wind power in time instant .

0. Noncritical loads in one load bus at one
time instant.

@zy[ Actual noncritical loads in bus & at one
time instant.

S Total number of scenarios in disconnec-
tion durations.

SR Service restoration.

T Total possible breakdown horizon.

TD Time decoupled.

WPFR Wind power forecasting reliability.

WT Wind turbine.

Z) Restorative zone (RZ) corresponding to
the distributed unit.

Zy RZ corresponding to the wind WT.

I. INTRODUCTION

N RECENT years, a number of technical, cost, and soci-

etal factors came together to drive MG as one of the
biggest changes in the electric power infrastructure on the
horizon. Moreover, the growing penetration of renewables and
other generation technologies, e.g., inverter-based small scale
wind, solar photovoltaics (PV) and clean diesel, have pro-
pelled the development of MG [1]. The term MG, sometimes
referred to as DR island systems, is used for some inten-
tional islands [2]. An MG has the ability to disconnect from
and parallel with the main grid so as to operate in both
the “island mode” or “grid-connected.” The interconnection
with the main grid is being addressed via numerous pilot
projects [3].

A transition-to-island mode can be triggered by a scheduled
or unscheduled event [2], [4], and the latter one is the situation
considered in this paper, which is an inadvertent event initiated
by fault or loss of connection to the main grid. In practice,
normal operations are often disrupted by sudden breakdowns
and their durations are not certain but stochastic. So this situ-
ation is much more practical and challenging. In this case, the
DR system needs to be automatically sectionalized through
control and protection procedures, and a load management
strategy is also needed in the MG blackstart operation. This
can be seen as a SR problem which is a traditionally critical
topic in distribution engineering [5]. The whole restoration is
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usually simpler for an island MG due to the reduced num-
ber of controllable variables, i.e., loads and switches. On the
other hand, if there are multiple DR units in the system, the
control operation should be scheduled and coordinated to effi-
ciently fulfill the needs of the local island, while guaranteeing
the system frequency and voltage requirements [6], [7] usu-
ally through a dc/ac or ac/dc/ac power electronic inverters of
the DRs [8]. Besides, the whole operation requires communi-
cation and interaction among DRs and the controlling center,
and the updated information should be monitored before dis-
connection, such as the demands, generation, and the status
of the current switches at the time of breakdown, probabil-
ity of each breakdown scenario, etc. Detailed MG controlling
architectures and the assumed sequence of actions for MG
blackstart can be referred to [8]—[11].

Considerable efforts have been placed on the analysis and
methods to improve the SR plans. To achieve the restorative
tasks effectively, several knowledge-based approaches have
been suggested, including the expert systems [12] and artificial
neural networks [13]. However, these methods only provide
a reasonable numerical solution (suboptimal) and have high
computational complexity. Later some optimization methods
are proposed, such as branch and bound techniques combined
with the interior points linear programming [14], and dynamic
programming with state reduction [15]. These techniques can
lead to optimal solutions but the procedure is not efficient
unless large portions of the solution space can be quickly dis-
carded when there are not too many solutions having near
optimal objective values. Furthermore, most of these works
consider only the deterministic SR problem, which is much
simpler and saves a lot of computation and complexity. The
classic PH method [16], [17] is often used to deal with general
stochastic problems but it may not converge in the SR prob-
lem with uncertain breakdown time, which involves integer
decision variables.

This paper deals with the SR multistage scheduling problem
in an island MG system with multiple DR units consisting of
a radial configuration and provides two stochastic methods to
solve it. The contributions of this paper are as follows.

1) In light of the requirements of controlling procedures of

MG and to take into account two types of uncertainties,
i.e., the duration of disconnection and the forecasted
renewable power generations, a stochastic integer prob-
lem formulation is proposed.

2) The optimization problem is solved in an efficient two-
step procedure with less computation and complexity,
compared to the classic PH algorithm, which is a
scenario-based decomposition technique for solving
stochastic programs. The comparison demonstrates the
advantages of our proposed methods in terms of effi-
ciency and accuracy.

3) The proposed methods provide guidelines to MG design,
i.e., configuration of the power network, the suitable
capacity of each DR unit including the ESS, to increase
the reliability of the local system.

The remainder of this paper is organized as follows.

Section II discusses the basic system models including
demands priority, general assumptions and constraints in the
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island operation, as well as uncertainties in the system. Next,
in Section III, the integer optimal SR problem is formulated
and solved. Section IV conducts numerical simulations that
verify the accuracy and feasibility of the proposed scheme.
Finally, the concluding remarks are in Section V.

II. SYSTEM MODEL

We consider the SR problem in a MG that consists of a
set of M DR units, including MTs, FCs, and the WTs, and N
load buses. If a general blackout occurs, local DR capabilities
in an MG can be exploited to feed local customers until the
main grid is reconnected. Due to the operational constraints
of DRs, the local demands might not be satisfied fully but
prioritized. We assume that electrical demands in the MG
are prioritized into two tiers, which consists of, e.g., criti-
cal demands related to essential processes that should be met
first and lower-priority noncritical demands that can be tem-
porarily removed until adequate power is available [18]. In
this paper, we use a scheduling interval of half an hour in the
whole SR procedure,! during which demands and generations
are considered constant.

A. Demands Priority

If there is insufficient generation in the MG to cover the
full demands, a load-shedding scheme needs to be devel-
oped [2]. In this paper, we assume that each load bus will
report the needed amount of critical loads E; ; and noncritical
loads Q;; during the breakdown horizon,? with o; and B; the
priority level of the ith load bus. The total weighted loads L
can be written as

T N
L, vy =Y > (i tic + BiQisvi)- ()

1=ty i=1

Besides, power balance within the MG island should be
given careful attention [2], [20], and we divide the whole MG
power network into different RZ Z; corresponding to each DR,
then we have

Z (Ei,tui,t + Qi,tVi,t) < Gj,. (2)

i€Z;

B. General Assumptions and Islanded Operation

Under the assumption that a central control system and com-
munication infrastructures are available for MG restoration,
it is possible to produce an automatic controlling procedure
after the blackout, such as identification of one or multiple
suitable and stable voltage references in the MG system [8],
grid synchronization [10], [11], etc. It is assumed that the
information about the status of the power network, including
the switch states, local demands and generations of DRs in
the MG, are updated immediately after the disruption [11].
According to [8] and [10], all DR units and loads should

]Depending on different application requirements, smaller updating inter-
vals can be selected [19]. In practice, half an hour is meticulous for the wind
power forecasting in most of the regions.

2We assume that the estimation of the demands on each load bus is reported
accurately.
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be disconnected from the main grid at the beginning of the
blackout for the stability of the system.

In order to avoid large frequency and voltage deviations,
some electric utilities limit the load pick-up to 5% of the syn-
chronized generation [2], [13], [15]. While considering the
ramping rates of DRs, the constraint is expressed as

0=<Gjt1—Gjr = Ajs 3)
besides, each DR has the capacity
Gj: < G, @)

Power network reconfiguration, which is the process of
altering the topology structures by changing the open/closed
status xg, of the sectionalizing and tie switches? [21], is con-
sidered as a feasible method of SR [13], [22]. However, the
operational cost and the number of switching operations in
the reconfiguration should be limited to achieve the restora-
tion goal in an economical way. Then we have the total cost
Cpy from ¢t to t+ 1

K
h/
Chw = ch )xlth = X1
k=1

 hHel,..H (5

and the operation time constraint
K
D (ks ®xpig1) < T (6)
k=1
where @ denotes addition modulo 2. Moreover, the switch
operations in the whole process should be guaranteed to restore
the network into a radial structure [20], [23], which can be
expressed as

Xp,; € radial structure. (7)

C. Restorative Operation Cost and States of Network
Configuration

In order to solve this restorative problem efficiently, we
introduce the definition of restorative operation cost in our
model, which is related to but different from [20] and [23]. In
our system model are as follows.

1) Restorative operation cost is assigned to the switches
needed to change status from open to closed and vice
versa.

2) The operation cost cx depends both on the distance
between the load bus and the power source in the RZ Z;
and the switch type, i.e., sectionalizing or tie switches.
In practice, the operation cost of each switch decreases
with the reduction of the distance from the power source.
It corresponds to choosing the closer de-energized area
first for the restoration, in which some critical facilities
are usually located. The larger cost is often assigned to
the tie switches, which are of the lower operation prior-
ity in the restorative procedure. The specific operation
cost strategy can be formulated by the power network
designers depending on different situations.

3There are two types of switches in distribution systems: normally closed
switches which connect line sections, and normally open switches on the
tie-lines which connect two primary feeders or RZ.
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Main grid is disconnected

(scheduling time) _. s=1 (P1=02)

— — — - Main grid is connected /,/’/’ $=2 (P2=03)
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Fig. 1. Scenario tree with four scenarios, Py = [0.2 0.3 0.4 0.1].

3) Even in a small MG island, there are many different
switch strategies, i.e., the states of network reconfigura-
tion. However, only a small subset of them are qualified
states not only conforming to the cost requirements
but also the limitation of the operation times. In this
paper, we denote H possible configuration states as
the restorative strategies which meet the operation con-
straints, and then the operation cost as well as number
of switch status changes can be preprocessed by H x H
transfer matrices costM (X, X;+1) and NumM (X, X;11)
from 7 to t+ 1.

D. Uncertainties in the System

1) Scenario Bundle Constraints: Scenario analysis, orig-
inally proposed by Rockafellar and Wets [16], is a widely
applicable method for introducing uncertainty into practical
decision problems [24]. Typically, in such problems some of
the data is uncertain, and the performance measure to be opti-
mized is the expected value of some quantity. If it is possible
to delay the decision until after the uncertainty is resolved,
then we are in the environment of the “wait-and-see” problem
and in this case, the optimization problem is deterministic.
However, often one has to make a decision without know-
ing in advance which scenario will occur. In such a case
the optimization problem must consider all possible scenar-
ios and choose values of the decision variables to optimize
the objective function.

Here we investigate the multistage SR problem in an MG
with the scenario analysis mentioned above. Although the
duration of disconnecting from the main grid is uncertain,
one optimal decision strategy which takes into account all
the possible scenarios incorporating future time stages, must
be determined and executed for the current time stage.
This leads to the scenario bundle constraint. The scenar-
ios spanning different time stages can be expressed as a
scenario-tree-structure [24]-[26] in Fig. 1.

a) Scenario Tree Notation: Each leaf is connected to
exactly one node at time ¢ € 7, and each of these nodes rep-
resents a unique realization up to time ¢. Two scenarios whose
leaves are both connected to the same node at time ¢ have
the same realization up to time ¢. Consequently, in order for a
solution to be implementable it must be true that if two sce-
narios are connected to the same node at 7, the values of the
optimal variables must be the same under both scenarios for
' < t. We represent this property as a constraint by partition-
ing all the scenarios at each time stage into different scenario
bundles.
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Our restoration scheduling procedure for each scenario s
begins immediately after the blackout 7y, and ends at the
scheduling horizon of T = fy + s — 1. The longest possible
disconnection duration is assumed to be known, i.e., the total
number of scenarios S is fixed. To better present the scenario
bundle constraints, we define I'(s") as the first period in which
the scenario s does not share a bundle with the scenario s'.
Then the constraints are expressed as [26], [27]

‘r]gc,t = x]g( t (8)
“zs',t = ”f,t &)

(10)

!
vf-,t=vls-’t,z‘:to,to—{—l,...,F(s/)—1.

2) WPFR: Another uncertainty comes from the nature of
the fluctuating wind production over big time scale. Wind
power forecasting are prone to errors, which lead to diffi-
culties to make accurate multistage restoration schedules in
MG. As in [28], we propose a similar probability based con-
cept, WPFR, which indicates the target reliability that the wind
generation forecasting can be achieved in the WTs RZ Z,,.
We also assume that wind power forecast error A,, can be
modeled as Gaussian distributed random variables [28]—[30],
ie., Ay ~ N(y, av%). Then the probabilistic power balance
constraint for the wind power can be expressed as

P> (Eisuii + Qisvig) < Puws+ Ay | = WPFR

i€z,

Y

and is reformulated as

> (Eisuiy + Qivii) < V20,0 x erf "' (1 — 2WPFR)
i€Zy,
+ Pw,l + Uy = Gw,t- (12)

III. PROBLEM FORMULATION AND SOLUTIONS

Based upon the aforementioned system models and oper-
ational requirements in an MG, and considering the uncer-
tainties of both wind power forecasting generation and the
unforeseen breakdown from the main grid, we formulate the
optimization problem as problem SR.* The objective is to
maximize the expected restored loads while minimizing the
operational cost for a horizon of multiple time instants over S
possible scenarios

S to+s—1 N

max Py Z Z (oziEi,;uf,,-i-ﬁiQi,tV}?,t)

u,v,x
1=tp i=1

K
R
- ch|xk,t = X 1]
k=1

st (2)=(4), (6)—(10) and (12).

SR :

s=1

By observing the SR problem, we can find that in the objec-
tive function, the term vaz 1 (iEi gy, + BiQivi,) does not
. . . K p s
contain time coupled Yarlables, while Dy cklxy, — s L1l
does. Similar observations can be made on the constraints.

4Although the dimensions of L(u,v) and C(x) are different, the constant

variables «, f, and ¢ can be designed to be the weight parameters depending
on different applications.
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Hence we can decompose the problem into two steps. Step 1
optimizes (u¢,v¢) to achieve the maximum restored weighted
loads by an efficient duality based subgradient method for
a given network configuration, i.e., a set of x¢, at a certain
time stage. Step 2 calls DP to optimize the power network
configurations, i.e., switch schemes x¢, with the correspond-
ing (u¢,v¢) from step 1 to handle the time coupled problem.
To deal with the scenario parameter s and the scenario bun-
dle constraints (8) — (10), we propose two methods. The first
method puts the probability Py into the return function of each
state in every time stage of step 2, using an average return
function over all relevant scenarios for each time stage. The
second method treats the SR problem in a sequential manner,
without considering the probability of different disconnection
scenarios. Based on the optimized decision variables for the
previous time stage, the optimization is carried out for the
current stage.

A. Method I: Expectation Solving Procedure

We first treat problem SR as S independent sub-problems
without considering the scenario bundle constraints. For each
scenario s, the sub-problem is a linearly time-coupled integer
problem, and a two-step solving procedure is given as follows.

Step 1: Based upon the explanation in Section II-C, we
have H possible fixed network configuration states for the MG
power system, and constraints (3), (4), (7) can be considered
before the solving procedure. Step 1 treats the TD portion of
the original SR formulation that

N
TD : max Z (a,-El-,;uf’t + ﬂiQi,tva)
i=1
s.t. (2) (12).

To solve this problem analytically, we use the Lagrangian
relaxation technique with Lagrangian multiplier p; ;

N
‘Cf (pS’ u, V) = Z - (aiEi,tui[ + IBiQi,tVf’[)

i=1
M

+ ijs,t Z (Ei,t”f,t + Qi,tvzs',t) - Gjt |
=1 iez;

13)

We calculate the minimization of £] with the initial arbi-
trary nonnegative Lagrangian multiplier ,o]‘ , according to the
following procedure.

The Lagrangian dual function is given by

SN . s s
Dy(pj,) = oSmin L; (pj,t, u, V) (14)
0=<v; <1
and the dual problem is
max D, (,ojs,) (15)

;=0

The dual function (14) is solved by minimizing (13) over
(ug,ve). The minimum value is attained by setting uf.’t =1
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when the coefficient in front of uj, is less than zero and
u} , = 0 otherwise. This also applies to v},

1 pf, —a; <0
S) = s 16
(u”l) {0 otherwise (16)
1 p? —Bi<0
S * = St ! 17
(V”l) {0 otherwise. a7

Then the subgradient
Lagrangian dual problem

method is used for solving the

+

+1),: K
p](’l’tl )8 = p](;l) s + T(n) Z (El',tuit + Qi’tV?’I) - Gj,t

i€Z;

(18)

The iterations between (16)—(18) lead to the optimal values
(ug,vy) except for one element iy, or v, ;. When ,ojf Rt
or pjft > «; of bus i, u; will quickly converge to {0, 1}. This
applies similarly to v;. However, because the generation may
not be exactly divided in whole to the loads on buses, there
is one bus, calling it ¢ with priority level o, and B;, whose
load is only satisfied partially. It is observed from the iteration
process that p;, will approach to and fluctuate in the vicinity
of ag or B, of bus g (¢ # 7). Therefore we make the following
adjustment:
when |p]{t —qql <e¢

(5.) =1
q.t -
E =Gu— Y (Eui(w,) +0ii(v,)") 0)

i€Zj.izq

19)

or when |p]{1 — Byl <e

CORE
q.t -

Q5 =Gir— > (Eui() +0ie (v]))- 22
i€Zj,i#q

This means the demand on load bus g is only satisfied par-
tially at the level of EZ ; or Oy . With this adjustment, all of
the decision variables converge and it can be shown that prob-
lem TD is a relaxed integer linear problem, which is convex,
and the duality gap between the primal problem and the dual
problem is zero. A graphical convergence illustration can be
found in Section IV-A.

Step 2: Given D,(ijJ) of every state h € 1,..., H at each
time stage, we will solve the time-coupled sub problem for
scenario s with backward DP using Bellman function [31]
given by

5 _ s
Jh,to+sfl = Dhtg+s-1 ('Oj,toJrsfl) +0

oo = i (D (612) + o 4 5} @9

2

(23)

With the initial value of jz,zo Hfl(xfu0 4s—1) calculated
from (23), for one stage ¢, J‘;l’t(xz’t), i.e., the return function,
is obtained by minimizing the summation of the opera-
tion cost from ¢ to r + 1 recorded in the transfer matrix

costM(xf,fo), Dh,f(pj{[) from step 1, and JS,JH, as given
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__, Operation cost from

/O Oy‘ one state to another
00 ~ 0O O O\O‘O (O State of the power
system
=0 \O \Oo T ¥
Main grid is Terminal, main grid
disconnected Q Q Q is connected
to to+1  to+2

Fig. 2. DP process with time stage 3, H = 4. The terminal state is added
with the zero operation costs.

by (24). This process continues for all the states over all time
stages in scenario s. Fig. 2 illustrates the process of DP with
3 stages and 4 states.

In Method I, steps 1 and 2 are utilized to obtain the H x 1
column vector J; with t = #o,...7 + s — 1 at every stage
t for each scenario s. To deal with the scenario bundle con-
straints (8)—(10), one probability-based expected matrix J with
dimension H x S is created to indicate the average value of
the return functions over all different scenarios. Each column
of J is formulated as

S
7IZZP‘YJ’S t=to,t0+1,...,00+5—1.

s=1

(25)

Then we find the solution 4 of the shortest path at the cur-
rent time stage, satisfying i I}linH{jt + Cp+ p}, with h* the

yeees

network configuration solution of the previous time stage.
Then the shortest path will be formed tracing forwardly
from ty to t9p +S — 1. The solution provided by Method I
is sub-optimal with a small margin from the optimal results.
However, the solving procedure is direct and efficient in
practice.

B. Method II: Sequentially Solving Procedure

To solve Problem SR separately in different scenarios while
considering the scenario bundle constraints (8)—(10), we treat
the results of its previous scenario s, i.e., (s' = s — 1) as the
reference solutions for all time stages from 7 to fp+s — 1 and
only need to solve the problem for the current time stage ¢. As
a result, the solving procedure is sequential and the scenario
bundle constraints are satisfied at the expense of some opti-
mality. Similar to Method I, in step 1 the analytical optimal
solutions for each configuration state & at each time stage ¢
is obtained through (14)—(22) based upon the preprocessed
constraints (3), (4), and (7). As for the optimal configura-
tion state for operation in the current time stage, we choose

I as the solution, satisfying ) min {Dh.t(pjs )+ Cpp} with
wel,.,H
the previous solution / fixed as the reference. So far, we

obtain the operation scheme sequentially, and note that for
each scenario, only one stage optimization is needed, which is
much less complex especially when the number of scenarios is
large. Although the stochastic information P has not played
a role in this method, and the operational solution is sub-
optimal for the original problem SR, the solving procedure is
efficient.
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Fig. 3. System network configuration of an island MG example with

coefficients of demands and priority levels (E;;, Qi ¢, @i ¢, Bir)-

TABLE I
CONFIGURATIONS OF POWER NETWORK WITH H = 11 STATE NUMBER,
AND 13 LOAD BUSES ARE DIVIDED INTO THREE RZ

SN Rz MT WT FC

1 1,2,3,4 5,6,7,8,9 10,11,12,13
2 1,234 5,6,7,8,9,11 10,12,13

3 1,234 5,6,7,8 9,10,11,12,13
4 1,2,3,4,13 5,6,7,8,9 10,11,12

5 1,23 5,6,7.8,9 10,11,12,13
6 1,2,4 3,5,6,7,8,9 10,11,12,13
7 1,2,3.4,7 5,6,8,9 10,11,12,13
8 1,2,4 3,5,6,7,8,9,11 10,12,13

9 1,2 3,5,6,7,8,9 4,10,11,12,13
10 1,2,3.4,7 5,6,8 9,10,11,12,13
11 1,2,3,4,13 5,6,7,8,9,11 10,12

IV. SIMULATION RESULTS AND DISCUSSION

An island MG system consisting of one MT, WT, and FC, is
considered for a stochastic scheduling time horizon depending
on the duration of the disconnection. Our restoration strategy
for the MG is further explained via an example system of
Fig. 3, with the demands coefficients E;;, Q;; kW and the
priority level «;;, B of each load bus. A similar power net-
work configuration has also been used in [22], [32], and [33].
We provide H = 11 candidate states for the power network
configurations, i.e., different switch strategies, in Table 1. The
state shown in Fig. 3 is assumed to be state 1, the state imme-
diately after the disconnection occurs. As long as the candidate
configuration states are set, both of the transfer matrices
costM g (x¢, Xz41) and NumMp « g (xz, X;4-1) can be obtained.
The longest possible breakdown duration is 2 h, i.e., four
time instants. We assume that any generations except wind
power are all zero at the moment of the disconnection occurs
without loss of generality, and the assumed synchronized gen-
erations from MT and FC are (100, 150, 250, 400) kW and
(100, 150, 300, 300) kW in four time instants, respectively.
The wind speed data samples adopted in this paper are
from the “Cairngorm Automatic Weather Station” in the
Heriot-Watt University Physics Department [34] with the
parameters vi, = 3.5 m/s, v, = 14 m/s, voyy = 25 m/s, and
wy = 400 kW in the wind power estimation model of [28]. vy,
Vout> Vr, and w,. are cut-in, cut-out, rated wind speed, and wind
power capacity for the wind power estimation, respectively.
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Fig. 4. Evolutions of the optimal results.

A. Restoration Schemes and Solution Convergence

This subsection illustrates the derived SR solutions mainly
from the analysis of convergence and the duality gap.
The probabilities of different cases P; are set to be
[0.1,0.4, 0.3, 0.2]. Clearly, the longer the forecasting interval
is, the less accurate the forecasted data and the bigger the vari-
ance of the forecasted error, O’ ;- According to [28] and [29],
the typical standard dev1at10n, aw’,, of the wind power fore-
cast error can be expressed as an approximated linear function
of the forecast horizon when the forecast horizon is less than
6 hours. Thus the parameters are set as o,,; = [I,2,3,4],
tyw = 0, and WPFR = 90%. The evolution of the subgradient-
based algorithm in Method II is illustrated in Fig. 4. All of
the four stages approach convergence after about 25 iterations,
which corresponds to the zero approaching duality gap. This
example verifies the proposed algorithm and provides us
the optimal solution effectively within each time stage. To
give more insights on the restoration scheduling scheme with
priorities, we provide a stage-by-stage restoration process in
two tiers in Fig. 5 assuming that demands in £ and Q are
the same in the four stages with light colors, and different
shaded areas in Fig. 5(a)—(d) illustrate different RZ from the
three generators. Take Fig. 5(a) as an example. We know that
in state 1, load buses 1-4 are in the same RZ supported by the
generation MT. In the first stage, MT can only provide 100
kW to the bus with the highest priority «;. It can be seen that
the restored loads are increasing as the time evolves, due to

3 0 6 7 8 910111213
Load bus (Forlh stage on state 10)

(©) (d)

6 7 8 91011121
Load bus (Thlrd stage on state 3)

Restored loads (kW) scheduled on different load buses in four stages with shortest path states 1, 1, 3, 10.

the fact that the synchronized generations from MT and FC
are growing.

B. Comparison of Two Scheduling Methods on Different Pg

The comparison between Methods I and II are provided in
Table II. The optimal solution is obtained by the brute-force
method, which is not efficient especially when the state and
stage numbers are large. It can be seen that both the proposed
methods are sub-optimal. The reason for this is not the pro-
cess of step 1, which can provide us the optimal solution (u, v)
for each time stage. The reason is due to the scenario bundle
constraints resulting from the uncertainties of disconnection
duration. Method II outperforms Method I when the frontal
cases have greater probability of occurrence, especially in the
first two cases. Since Method II is to solve the whole prob-
lem sequentially starting with scenario 1, and the following
cases would follow the optimal solutions in the previous sce-
narios, so the result will be better if the breakdown happens
more frequently with shorter durations. In contrast, Method I
is an averaged result of each independent case. As for the PH
method, a different initial parameter p leads to different results
and even when we use the “variable-specific p” in [17], con-
vergence is not guaranteed. The results of the proposed two
methods are shown to be closer to the optima, while PH yields
inferior solutions. Besides, it takes around 4 s to do the simu-
lation with PH while the proposed methods consume 1.5 and
1.6 s, respectively, with the same parameters. The computer
used is a ThinkPad Laptop with a 17 M560 duo-core processor
at 2.67 GHz.

C. Adjustment of the Restoration Plan and the Effects of ESS

The uncertainties of the wind power generation will pose
negative impacts on the accuracy of the restoration scheme.
With the linear standard variation assumption in Section IV-A,
Fig. 6 examines the alternative restoration scheduling plans on
different initial points. The original scheduling plan is adjusted
with the time evolution. As the initial point moves forwardly,
the estimated restored loads can be more accurate due to the
fact that the uncertainties of the wind power estimation is
smaller. Fig. 7 illustrates the impact of ESS on dealing with
the errors of wind power forecasting. We assume that a fixed
amount of energy is stored in the ESS immediately after the
breakdown. The ESS will be functioning in the discharging
state when the real wind power of the instant is smaller than
G,,, until the stored energy is used up during the breakdown,
and then be in the charging function the other way round.
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Ps Results of Different Methods
) Method I | Method I | PH (p = 100) | PH (p = 15000) | PH (variable p = ¢s/(maz — Tmin + 1) [17]) | Optimal Value
[0.1,0.4,0.3,0.2] 83272 83505 83304 83154 83154 83683
[0.7,0.1,0.1,0.1] 48681 48797 48684 48684 not converge 48878
[0.1,0.2,0.3,0.4] 98043 98016 97537 97537 97537 98325
[0.1,0.1,0.1,0.7] 113300 112800 111450 111880 111880 113300
[0.25,0.25,0.25,0.25] | 80302 80269 79986 79986 not converge 80472
-+~ 1st original plan feature provides a guideline for determining the ESS size to
+=%=-2nd adjusted plan . A .
1000f = === === === mmm i m i mmm ~~43rd adjusted plan deal with the inaccuracy of the forecasting.
—%— 4th adjusted plan
— = = =Demands
Z 800}
5 & V. CONCLUSION
E Prias . . .
8 600f o’ * This paper has presented two sub-optimal yet efficient solu-
B e tions for SR in a MG with unscheduled disconnection from
£ 400} i L7 the main grid, which can be computed by a two-step proce-
& [ * dure efficiently based upon the stochastic information. This
200t paper illustrates that both methods can obtain solutions very
close to the optimal. From the simulation results, it can be
0 ‘ ‘ ‘ ‘ seen that the ESS plays a critical role in decreasing the neg-
0

1 2 3 4
Disconnected duration (half an hour/unit)

Fig. 6. Adjustments on different forecasting horizons.

o
o

-O-WPFR = 90%
——-WPFR = 80%
—kWPFR = 70%

o
o
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°©
=
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Risk of wind power forecasting

S

2 3 4
Capacity of ESS (pu)

Fig. 7. Impact of ESS on the risk of unreliability of WTs, with wind power
capacity = 80 p.u.

The risk of wind power forecasting is the simulated proba-
bility when the sum of the real wind power generation and
the contribution of ESS is less than the target wind power
generation, G,,. It can be seen from Fig. 7 that the risk caused
by unreliable wind power generation decreases with the growth
of the ESSs capacity, and here per-unit (p.u.) values are pro-
vided for the capacity of ESS and the wind power capacity.
Although the complete characteristic of a p.u. system requires
that all four base values be defined, e.g., voltage, current,
power, and impedance, we consider the power scheduling and
distribution here. The base power is set to be 1 p.u. =5 kW.
A huge drop of risk takes place when the wind power capacity
(80 p.u.) is supported by a small capacity (1 p.u.) of ESS. This

ative impacts from uncertainties of the forecasted renewable
power generation.
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