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ABSTRACT

With large-scale wind power integration, the uncertainty of the wind power outputs will aggravate the trans-
mission line overloads during the black-start restoration process. By constructing regional loop-networks, this
paper proposes an optimization method of network reconfiguration strategies to eliminate the line overloads.
Firstly, a multi-scenario set of the wind power outputs is constructed based on the extreme scenario method.
Secondly, a loop-network reconfiguration optimization model is established to meet the requirements of the
multi-scenario set simultaneously, where the line overloads are not permitted. Then, a two-layer solving
framework is proposed to solve the optimization model. The upper-level layer is a multi-scenario mixed integer
linear programming (MILP) model with the DC power flow constraints, whose objective is to minimize the
operation complexity index. The lower-level layer serves to check the standing phase angle (SPA) constraint and
the AC power flow constraints of the optimal schemes obtained from the upper-level layer. Therefore, the loop-
network reconfiguration optimization model is alternatively solved by iterative computation. The effectiveness of
the proposed method is verified by the modified IEEE 39-bus system and the modified IEEE 118-bus system, and
applicability of this method to practical systems is verified by the southwestern Yunnan power system in China.

1. Introduction

In recent years, due to the shortage of traditional fossil-fuel energy,
wind power as a representative of clean and renewable energy has
attracted worldwide attention [1,2]. The integration of large-scale wind
power into the power network has brought many challenges to power
systems. Due to the uncertainty of wind power output, the system sta-
bility and security are seriously endangered, and the risk of major
blackout accidents is also increased. It is necessary to work out a black
start scheme considering the large-scale wind power integration.

Power system restoration is a complex issue with multiple targets,
constraints, and variables. Normally, the system restoration is divided
into three stages: a) black start, b) network reconfiguration and c) load
restoration [3]. Whereas, with the rapid development of wind power,
the power system restoration with wind power integration has become
an urgent issue be studied. Currently, the beneficial explorations on
which wind power integrates into system restoration include: wind
power as a black-start power [4], wind power participating in network
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reconstruction [5], and wind power participating in load restoration
[6,7], etc. In the restoration process, network reconfiguration is one of
the important tasks to restore the backbone grid as soon as possible. The
existing researches about network reconfiguration mainly focus on the
optimization of the restoration paths [8,9], determination of the target
network structures [10], optimization of the unit restoration sequences
[11,12] and system partitioning for parallel restoration [13]. However,
the network structure during the reconfiguration process is usually
radial [14]. In this structure, transmission line overloads are more likely
to occur due to the wind power uncertainty. It seriously threatens the
system security and delays the restoration process. For instance, during
the restoration process of the “11-4” blackouts in Europe in 2006 [15],
the integration of large-scale wind power into the system caused the
transmission line overloads and resulted in a secondary power outage.
Therefore, in order to improve the network security and reliability in the
reconfiguration process, it is necessary to eliminate the possible line
overloads in the case of large-scale wind power integration.

In the fields of preventive control and corrective control of normal
operation, the line overloads are generally eliminated by adjusting unit
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Nomenclature

Indices

i,j Node number

c Circuit line number

g Unit index

w Wind farm index

s Wind power output scenario index

t Time index

l Iteration index

Parameters

o Confidence level

n Number of the wind farms

Nnode Number of the system nodes

byjc, &jc, Xijc Charging susceptance, conductance and reactance of line
i-j-c

bbase Charging susceptance reference value of line i-j-c

Uy, Oy Mean and standard deviation of wind farm w output

EPPyY), V(PYT) Expectation and variance of wind farm w output

Pmin pmax
wit - wt

act ct
Pl,ﬂpg,t

Minimum and maximum output of wind farm w at time t
Actual active power output of wind farm 1 and wind farm 2

at time t

P1, P,  Active power mean value of wind farm 1 and wind farm 2
during time T

r Correlation coefficient between two wind farms outputs

k1 Weight coefficient, with a value greater than 1

ko Weight coefficient, with a value less than 1

Fioop Loop-closing operation number

Fope Operation complexity index

f Objective function (Operation complexity index)

J Maximum number of allowable lines

M Large positive real number

Pg’i“, Py Maximum and minimum active power output of unit g

Q;“i", Q™ Maximum and minimum reactive power output of unit g

Pg"ed Fixed output of non-black-start unit g

P;j‘f“, P Upper and lower limits of active power flow on line i-j-c
g‘zin, Qg_‘éax

ymin_ymax Upper and lower limit of voltage amplitude at node i

Upper and lower limits of reactive power flow on line i-j-c

e™in, gM  Upper and lower limit of voltage phase at node i
Oset Phase setting of the system synchronous detection relay for
loop-closing operation

s,

vinfeas  Sum of angle variable matrix in scene s and iteration L. if Ny,

1 o,infeas = 1, the solution is infeasible.
Zijc Combinatorial representation of the optimal network

obtained from the upper-level layer model

Variables

Zijc Binary decision variable characterizing whether line i-j-c is
in the target network. If yes, values 1, otherwise, values O

m; Binary decision variable whether node i is restored. If yes,
values 1, otherwise, values 0

P, Qi Active and reactive power flow through line ij-c at time ¢
in scene s

Py, Q;, Active and reactive power of unit g at time t in scene s

Pgir, Qi Active and reactive load of node i at time t

Vi.Vj,  Voltage amplitude of node i and node j at time ¢ in scene s

0;¢,0;,  Voltage phase of node i and node j at time t in scene s

3¢ Phase difference between node i and node j at time t in
scene s

Pyt Predicted output of wind farm w at time t

P, Maximum or minimum of predicted output of wind farm w

Sets

L Set of all lines

L Set of the outflow lines

Lfrom Set of the inflow lines

Le, Set of recovered lines

Lyn Set of to-be-recovered lines

N Set of all nodes

Ne, Set of the charged nodes

Ny, Set of the uncharged nodes

G Set of all units

Gps Set of the black-start unit

w Set of all wind farms

S Multi-scenario set of wind power

T Set of wind power output time

E, Set of to-be-recovered lines obtained by the upper-level
model in an iteration of the previous [ iterations

D, Uncertain output set of the wind farm w

K; Dynamic set, on the first iteration K; =®, then the
subsequent iterations K; = K1 U Ejq

N Set of the charged nodes determined by the iteration I of
MILP model

Matrix

R Correlation coefficient matrix of wind power outputs

AYn Variable matrix in scene s

iy Adjacency matrix in scene s and iteration [

sty Reachability matrix in scene s and iteration [

Aiﬁmp Intermediate variable matrix in scene s and iteration [

outputs or node loads [16,17], rather than changing the network
structure. However, the primary target of system restoration is to restore
the unit outputs and user’s loads as soon as possible. So to eliminate line
overloads, it is better to adjust network structure than to adjust unit
outputs or shed load. Currently, optimal transmission switching (OTS) is
adopted to enhance the system security by alleviating line overloads
[18,19] or voltage limit violation [19]. It can also be employed to
improve the operation economy of power systems [20,21] and increase
the network-connected capacity of wind power [22,23]. Due to its
merits, much attention has been paid to OTS in Europe [24]. OTS can be
utilized to construct regional loop-networks to eliminate transmission
line overloads in the restoration process, as an effective measure of
network control.

During loop-network reconfiguration, more attention has been paid
to the coordination of load recovery and unit outputs [25], and

adjustment of SPA constraint for loop-closing operation by means of
load recovery control under a fixed network structure. Reference [26]
proposed an optimization model for the loop-network reconfiguration.
However, it needs to adjust the unit outputs and node loads to meet the
SPA constraint. Reference [27] proposed a loop-network reconfigura-
tion strategy to eliminate the line overloads by establishing an mixed-
integer nonlinear programming model (MINLP) considering AC power
flow constraints. However, the uncertainty of the wind power outputs is
not considered in the MINLP model.

Although there are many researches on wind power participating in
system restoration and loop-network reconfiguration, it is still worth
studying the optimization strategy of loop-network reconfiguration
considering wind power integration. Therefore, on basis of the existing
work, this paper proposes an optimization strategy for loop-network
reconfiguration to eliminate line overloads. Firstly, a loop-network
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Fig. 1. Schematic diagram of loop-network construction.
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Fig. 2. Illustration of extreme scenarios.

reconfiguration strategy is proposed, and a multi-scenario set depicting
the uncertainty of wind power outputs is built based on extreme scenario
method. Secondly, an MINLP model, which meets the multi-scenario set
constraints and AC power flow constraints, is established for network
topology optimization. To facilitate solving the MINLP model, a two-
layer alternative solving method is applied. The upper-level layer is a
multi-scenario mixed-integer linear programming (MILP) model
considering the DC power flow constraints for line overloads elimina-
tion. The lower-level layer serves to check the SPA constraint and the AC
power flow constraints of the optimal schemes obtained by the upper-
level layer model by solving a non-linear programming (NLP) prob-
lem. A commercial solver is employed to solve the optimization model.
Therefore, the optimal loop-network reconfiguration strategy is ob-
tained by iterative computation, in which two layers models are solved
alternatively. The modified IEEE 39-bus system and IEEE 118-bus sys-
tem examples are used to verify effectiveness of the proposed optimi-
zation method. The southwestern Yunnan power system in China, a
provincial transmission network, is taken as an instance to verify
applicability of the proposed method to practical systems.
The contributions of this paper are summarized as follows:

e An optimization strategy of loop-network reconfiguration is pro-
posed considering wind power output characteristic to eliminate line
overloads.

e An MINLP model is established to eliminate line overloads for multi-
scenario set considering AC power flow constraints.

e An effective two-layer solving framework is proposed to solve the
established MINLP model by an alternative and iterative calculating
process.

The rest of this paper is organized as follows. In Section 2, a loop-
network reconfiguration strategy is addressed. On this basis, the fac-
tors affecting the elimination of line overloads in network reconfigura-
tion are discussed. The uncertainty model of wind power outputs is
established in Section 3 and the optimization model for loop-network
reconfiguration under different wind power output scenarios is estab-
lished in Section 4. In Section 5, the two-layer solving framework of the
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established MINLP model is described. Section 6 shows the test results of
the proposed method in the modified IEEE 39-bus system and modified
IEEE 118-bus system examples. Concluding remarks are given in Section
7.

2. Loop-network reconfiguration strategy to eliminate
transmission line overloads

2.1. Proposal of loop-network reconfiguration strategy

There are many uncertain factors during the network reconfiguration
process. The radical-structure network determined by the traditional
restoration scheme is relatively fragile, which may cause some operation
problems such as transmission line overloads. Due to the uncertainty of
wind power outputs, large-scale wind power participating in network
reconfiguration tends to exacerbate line overloads. Therefore, building
loop-networks through flexible loop-closing operation can reduce the
load ratio of the overloaded lines. The schematic diagram of the loop-
network construction is shown in Fig. 1.

In Fig. 1, node 1 is connected to the sending-end (source) and node
17 to the receiving-end (load) of the system. A wind farm is connected to
node 10, and the uncertain power output of the wind farm exacerbates
the overloads of line 4-7, line 8-10 and line 10-14. In this case, adding
some lines represented by the dashed lines in Fig. 1 to construct loop-
network can effectively alleviate the overloading problem and
enhance the operation security.

2.2. Considered factors of a loop-network reconfiguration strategy

Two factors are considered for formulating a loop-network reconfi-
guration strategy.

a) Uncertainty of wind power outputs which requires proper
modeling method.

b) Selection of the available lines for constructing loop-network to
alleviate the line overloads.

Meanwhile, the loop-network construction process generally re-
quires loop-closing operation. When the loop-closing operation is car-
ried out, the phase angle difference between two sides of the connecting
points of the loop-network must be less than the set value. Otherwise,
the nearby equipment may be damaged; or even worse, the blackouts
may recur.

3. Uncertainty model of wind power output

So far, there have been some studies on the uncertainty model of
wind power outputs, including the scenario analysis method [28,29],
chance-constrained programming [22,30], robust optimization method
[31] and so on. However, the former two methods have some limitations
due to the huge calculation amount or probabilistic distribution func-
tion. Comparatively speaking, the robust optimization method has
certain superiority and has been applied on the load restoration
considering individual subsystems under uncertain conditions [32]. The
extreme scenario method [33] is applied to construct a value space
through typical extreme scenarios. As long as the boundary extreme
scenarios under severe conditions can meet all constraints, so can all the
scenarios in the value space, which is basically consistent with the
essence of robust optimization. Thus, the extreme scenario method is
required to construct a multi-scenario set of wind power outputs to
describe the wind power uncertainty properly.

3.1. Extreme scenario method

As the short-term prediction error of wind power is as high as 25%-
40% [34], it is of significance to deal with the wind power uncertainty
properly. Fig. 2 is a schematic of the extreme scenarios. Each vertex of
the rectangle represents an extreme scenario where the power output of
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each wind farm is at its upper or lower limit value. When the number of
wind farms is two, the number of extreme scenarios is 22, and the value
space S is a two-dimensional rectangle. Similarly, when the number of
wind farms is n, the number of extreme scenarios is 2". Accordingly, the
value space S is an n-dimensional geometric body.

3.2. Determination of the wind power multi-scenario set

The extreme scenarios of wind power output are typical, and the
uncertainty set should include all outputs of each single wind power.
Compared with the predicted scenario, the smaller the value space S, the
fewer error scenario included, and the lower the reliability of the
optimal solution. Therefore, the uncertainty set of each single wind farm
is described by Eq. (1), which is equivalent to the chance-constrained
equation at the confidence level a, as shown by Eq. (2).

D, = {Pr|prinsprspre | 6

w,t wit

Pr(Prr<PIEPI )21 — a @

Since multiple wind farms have correlation in time and space, the
linear correlation coefficient r is used to characterize the correlation
degree between two wind farms outputs [35], described by Eq. (3). It
constitutes the correlation coefficient matrix R of multiple wind farms,
as shown by Eq. (4).

T e~ aC e~
> (P Pr) (Pr: - P2)
t=1

= - 3
nc(__ act P
V3 -7 3 -7y
1 Fioo o T
R=|P 1o )
Yo P2 o 1

Reference [36] proposed a method to construct the uncertainty set.
According to it, the upper and lower output limit values of the wind
farms can be obtained at the confidence level a.

Firstly, the expected value and variance of multiple wind farms
outputs are given by Eq. (5).

E(Pr) = Zm,
> me,aw + Zrzmzmr ®

+-+ r(n—l)no-n—l,ro-n.t

V(e

wit

Secondly, it is supposed that the probability density function of wind
power output has one single peak, and the expressions of the upper and
lower limits are also different under different confidence levels. When 0
<a<1/3and 1/3 < a < 1, the expressions are given by Egs. (6) and (7)
respectively.

Py = E(Pi) =2y oty (p2s)
(6)

w,t w,t wit

2
P = E(Prs) + 5y Ja v (Pr)

prn = E(Pr) = (1= )y [3v(Pr)
@
P = B(P) + (1 — )y [3v(Pr)
After obtaining the upper and lower limits of a single wind power
output, the typical extreme scenarios are constructed by freely
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combining the upper and lower limits of the multiple wind farms out-
puts. Then a multi-scenario set of wind power output is determined. In
fact, the determination of the extreme scenarios is made up of the
vertices of the hypercube representing the variation range of wind
power output. Thus, the multi-scenario set of wind power output is
shown in Eq. (8).

, , =T , =T
P P, = maxPorP, = minP" } ®
=0 =0

4. Optimization Model of loop-network reconfiguration for
multi-scenario set

4.1. Definition of objective function

The to-be-restored lines and the to-be-charged nodes are used as the
control variables. In this paper, an index representing the complexity of
restoration operation is defined and taken as the optimization objective.
The optimization model of loop-network reconfiguration is obtained by
minimizing the operation complexity index.

a) Linear expression of the loop-closing operation number

Based on the electric network theory [37], the linear and analytic
mapping relationship can be obtained between the loop-closing opera-
tion number and the decision variables, as follows:

1) In a circuit with Npjoge nodes and Njj,e branches, the number of
branches of any tree is Npode —1 and the number of connected
branches is Njine — Npode + 1.

2) A circuit with only one connected branch is called the basic circuit.
The number of basic circuits is equal to the number of connected
branches Njjne — Nnode + 1.

Obviously, the loop-closing operation number is equal to the number
of independent loops in a target network, and the number of indepen-
dent loops is equal to the number of basic loops in the network.
Therefore, the linear expression of the loop-closing operation number is
derived and shown in Eq. (9).

Floop Z Zl/(‘ th + 1 (9)

(ij.c)eL ieN

It can be seen from Fig. 1 that the number of the nodes denoted by
Npode is 17, and the total number of the lines denoted by Ny is 20. Then
the number of the independent loops denoted by Niqqp is 4, that is, the
loop-closing operation number is 4, which verifies correctness of Eq. (9).

b) Definition of operation complexity index

As for the line overloads elimination, new lines need to be added to
the radial network. In addition, due to the great impact on the system,
the loop-closing operation number should be reduced as far as possible.
Therefore, the weighted sum of the newly restored transmission line
number and loop-closing number is defined as the operation number.
Since the loop-closing operation is more complicated than the line
charging operation, the weight coefficient k; is greater than 1 as a
penalty term, as shown in Eq. (10).

ope Z Zije +k, ( Z Zije — Zmi + 1) (10)

(i,j.c)E€Lun (ij.c)el ieN

When the wind power participates in network reconfiguration, over-
voltage problems may occur at low-load level due to lines charging
reactive power. Therefore, it is necessary to make the charging reactive
power of new lines as small as possible. The operation number in Eq.
(10) should also be reduced as far as possible. As a result, the objective
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function, named as operation complexity index, is defined as the
weighted sum of the following two terms: the charging reactive power of
the newly restored lines and the operation number. The analytical
expression of the operation complexity index is given by Eq. (11).

bijc
f = Fupe +k2 Z lecb

(j,c)€Lun

(€8]

base

In the middle or later stages of restoration, the capability of leading-
phase operation of the power system will increase, therefore the coef-
ficient k3 should be decreased accordingly.

4.2. MINLP model to eliminate line overloads for multi-scenario set
considering AC power flow constraints

When the restored loop-network based on the optimal scheme deals
with the worst scenario, the scheme can guarantee the full adaptability
to all scenarios. However, the wind farms are expected to have different
outputs when they are connected to different locations. When a wind
farm is connected to the receiving-end, the closer the expected wind
power output is to the lower limit, the worse the scenario is. Never-
theless, when it is difficult to distinguish the sending-end and receiving-
end of the network, the worst scenario cannot be determined directly
from the wind power outputs. In the light of this, a multi-extreme-
scenario set of the wind power outputs is created in this paper, so as
to obtain the optimal solution satisfying requirements of all the possible
scenarios.

The optimization model of loop-network reconfiguration is a typical
MINLP model with the objective function of minimizing the operation
complexity index, given by Eq. (12) and various constraints given by
Egs. (13)-(31).

mmf = Z Zii(j+k] ( Z Zije —

(ij,¢)€Lun (ij.c)eL ieN

Zm,+1> th Y z,ﬁ.bb"’( 12)

(ij:¢)€Lun base

(1) Node power balance constraint sets
Z Uéf - Z Puu Ep;z + ZPF:‘: Py,
(ij,c)eL® (igic)eLfrom 2€G weW (13)
VieN,teT,seS

Z Q;‘Yjar + ZQ;,I = Quix

(i.c)eLom 2€G 14
VieN,teT,seS

Z ercl_

(ig,c)EL®

(2) AC power flow constraint sets

2
Pfj( n Ziﬁ |: V‘ Ivjt (giffcosgx\jt + b fSlnHz”) + glﬁ‘ (‘ﬁ,l) :| (15)
V(i,j,c)eLiteT,seS

S S 2
Qs = Zije {Vuvu( Wcosﬂf/[ - UCsln@,;[) — bye (V}.z) ] (16)
V(i,j,c)eLiteT,s€S

(3) Power flow transmission constraint sets

PSPy SPIS 2. V(ij,¢) Lt €T, s €S 17)

et~

023 <05, SO zje V(ij,c) Lt €T, s €S 18)

(4) Unit output constraint sets

PISPS SPM Ng € Gy, 1 € T,5 € S 19)
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P;.xngm Vg€ (G—Ggs),teT,seS (20)
Qmm<Qgr\Qmav vg c GBS7[€ T,S e S (21)
0,,=0 Vg€ (G—Ggs),teT,seS (22)

(5) Voltage and phase angle constraint sets

V?‘i"évf.,gv;"‘” VieN,teT,seS (23)

67"<6;, <6/ VieN,teT,scS 24
(6) Wind power output constraint set

PUUSPRESPT Yw e W, i€ T,s €S (25)

(7) Control variable constraint sets

Zje =1 Y(i,j,c¢) € Ley (26)
> et 27)
(i,c)ELun

(8) Corresponding constraint sets of lines and nodes

mi<M<Z et Y z,,-c) Vi,j€N,(i,j,c)/(j,i,c) €L (28)

j€(iyi.c) o)

miz— (ZZW-F Zz,,r> Vi,j €N (i,j,c)/(,i,c) €L (29)

(i.c) je(iic)

m €{0,1} VieN (30)

(9) SPA constraint set
0;,<0r V(i,]) € Len (€20)]

In the above constraints, Egs. (28)—(30) are the analytic mapping
constraint sets for the restored nodes and restored lines through the
large M relaxation method. Only when all the lines connected to node i
are not put into operation, node i is in uncharged state. Besides, Egs.
(13)-(14) and Egs. (17)-(30) can be included in a linear programming
model. However, Egs. (15)-(16) and Eq. (31) are difficult to be linear-
ized. Therefore, this paper proposes a two-layer solving framework by
using a separate model to check the SPA constraint and AC power flow
constraints, as given in Section 5.

5. Solving of loop-network reconfiguration optimization model

The MINLP model considering AC power flow constraints and the
SPA constraint is difficult to solve, and the solution optimality cannot be
guaranteed. Therefore, we consider to replace AC power flow con-
straints with DC power flow constraints to transform the MINLP model
into a MILP model for fast solving. However, the node voltage amplitude
and reactive power distribution cannot be obtained by the DC power
flow model. Meanwhile, the SPA constraint for loop-closing operation
cannot be checked by the DC power flow model. In view of this, a two-
layer solving framework is proposed to simplify the solving of the loop-
network optimization model. In the upper-level layer, the loop-network
reconfiguration scheme is solved by an MILP model considering DC
power flow constraints. In the lower-level layer, the optimal scheme
given by the MILP model is checked by AC power flow constraints and
SPA constraint. An alternative and iterative solving process is then
employed to get the optimal scheme. If no constraint is violated after
calculation of the AC power flow in the iteration process, the iteration is
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terminated and the optimal loop-network reconfiguration scheme is
acquired. Otherwise, the infeasible optimal scheme is removed from the

solution space by adding an infeasible cut constraint, and a new iteration
is carried out until a feasible scheme is obtained.

5.1. MILP model considering DC power flow constraints

The objective function of the loop-network reconfiguration MILP
model is given by Eq. (32).

minf = Z Zi/e+kl< Z Zije — Zm + 1) +ky Z Ziiey, by (32)

(i,c)€Lun (ij,c)eL ieN (i:0)€Lun biase

The constraints are given by Egs. (33)-(45).

1) Node active power balance constraint set

Z r]u_ Z Px]ct ZP;,t-"_ZPﬁ:j:Pdi‘r

(ifoeLe (igepeLon 5€G wew (33)

VieN,teT,scS

2) DC power flow constraint sets

(9* -0 ) — P+ (1= 2 ) M0
Xje ije,t ( ] ) = (34)
V(i,j,c)eLiteT,s€S

1 S
— <9fr - es ) Px/ct - (1 - ZifC)M<0
Xije (35)

V(i,j,c)eLiteT,s€S

3) Active power flow transmission constraint set
P;”;"z,,c<PW,<P;”;“z,<jc V(i,j,c)eL,teT,seS (36)
4) Active power output constraint sets of units
P?i’1<P27,<P;’“* Vg € Gps,t € T,s€ S (37)
P, =P Vge(G—Ggs),teT,seS (38)
5) Node phase angle constraint set
"< <O VieN,teT,se€S 39
6) Wind power output constraint set
PSPPI YweW,teT,s€S (40)
7) Control variable constraint sets
Zie =1 Y(i,j,c) € Len (41)

> e (42)
(ij,c)€Lun
8) Corresponding constraint sets of lines and nodes
m,sM(Z et Y z,,c> Vi,j €N, (i,j,c)/(j,i,c) €L (43)

€(ij.c) Je(ic)

(Z et D e ) Vi,j €N, (i,j,c)/(,i,c) €L (44)

e(ij.c) Jeiic)
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m; € {0,1} VieN (45)

5.2. Verification of SPA constraint and AC power flow constraints

The loop-closing operation cannot be executed if the phase angles of
the to-be-restored nodes does not meet the SPA constraint. Likewise, at
network reconfiguration stage, the breakthrough of the node voltage
limit will seriously threaten the security of the power system. Therefore,
the voltage and phase of the recovered nodes must be considered in
network reconfiguration, and AC power flow calculation is required.

a) Verification of AC power flow constraints

The AC power flow constraints are shown in the following Egs. (46)—
(49).

1) AC power flow constraint sets for lines

2
P =5 x [ (s, + bysi) +.5 (1)’

(46)
V(i,j,c)eLieN,teT,s€S
S e )5 : )5 s 2
Q}j/c,z = Zje X |:anjz (bijfcosei/'.z - glﬁ‘Slne[/J) - bijf (VLI) :| (47)
V(i,j,c)eLieN,teT,s€S
2) Transfer power limit constraint sets for lines
PSPy SPi Ty V(i j,c) €Lt€T,s€S (48)
05 25e<05, Q5% V(ij,c) Lt €T,s€S (49)

The verification of AC power flow constraints is a typical NLP
problem, and we use the KNITRO solver in GAMS to solve it. If the
verification of AC power flow constraints passes, the SPA constraint
verification is then carried out. Otherwise, the constraint verification
ends and the reconfiguration scheme is labeled “infeasible”. Next, a
linear constraint of the infeasible cut is added directly to the upper
model, and a new iteration starts. This process is repeated until AC
power flow constraints and SPA constraint are both met. The infeasible
cut linear constraint is described by Eq. (50).

Z Zije =1 3

(i:¢)€(Lun—Er)

VECK) 50)

Through Eq. (50), the infeasible schemes are continuously deleted
from the optimization domain and the optimization process repeats
again, until they satisfy SPA constraint and AC power flow constraints.
The most important common feature of the infeasible schemes is that
they all contain all the lines of the optimal scheme. Besides, the elements
of Ej for each iteration change according to its condition, and all infea-
sible schemes can be eliminated. Therefore, the infeasible cut constraint
is of significance for obtaining the optimal scheme satisfying the
requirements.

b) Verification of SPA constraint

The phase angles of the recovered nodes are related to the active
power distribution of the power system. Therefore, the phase angle of a
recovered node is considered to be constant before a line charge and
after. The phase angles of the nodes before the line charging are used to
verify SPA constraint given by Eq. (51).

—0<0; — 0)<0py Vi, jEN (51

The SPA constraints cannot be used directly in the main body of the
optimization process. It needs to be implemented by the classic graph
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Fig. 3. Flow chart of loop-network reconfiguration optimization.

theory algorithm in computer science. The specific verification process
is as follows.

1) The matrix A}, y is defined as follows. For the to-be-restored node
i and the node j in the sth scenario, if 65 — HJ‘ > Oset, Afj = 1; if 65—
49; < Bset, Afj = 0. In addition, if i or j has not been recovered before the
network adjustment, A} = 0.

2) In the Ith iteration of the sth scenario, define the adjacency matrix
of to-be-restored lines determined by the upper-level layer to be I, . In
addition, the node i and node j are directly connected, then f’lij =1;
otherwise, it is 0. The reachability matrix C5! , is defined as follows. In
network topology with all the to-be-restored lines which is determined
by the upper-level layer, if there is a path from the node i to the node j,
then Cj = 1; otherwise, it is 0. The reachability matrix Csl y can be
obtained from the adjacency matrix If\‘,lX y by the Floyd-Warshall
algorithm.

Further, an intermediate variable matrix Aiﬁmp is defined by Eq. (52).

Ay = AC"! (52)
where, “ o” is the Hadamard product of two same-order matrices. The
following conclusions can be drawn by applying A‘;}_ltemp = Ajj x ij’l.

Nl(;",’infcus = ZA;/:.Itemp (53)

In Eq. (53), if i ... is 0, the SPA constraint of the scheme is verified.
Otherwise, the verification fails and it returns to the main model pro-
gram with the infeasible cut linear constraint as given by Eq. (50).

Therefore, the flow chart of loop-network reconfiguration optimi-
zation to eliminate line overloads with large-scale wind power inte-
gration is shown in Fig. 3.
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6. Case study

The IEEE 39-bus system and the IEEE 118-bus system were modified
and taken as instances to verify effectiveness of the proposed loop-
network reconfiguration optimization model. The relevant parameters
were set as follows: 0sot = 18°, k1 =5, ko =0.001,J; =6,Jo=15and T =
30 min. In the time period T, it was assumed that the status and amount
of the restored loads remain unchanged. GAMS was employed to model
and solve the optimization problem. The CPLEX solver (set to four
threads) was used to solve the MILP model and the KNITRO solver to
solve the NLP model. The computation platform was a PC with Intel (R)
Core (TM) i5-4210U CPU and the installed memory 4 GB.

6.1. Case study I: Modified IEEE 39-bus power system

The IEEE 39-bus power system was modified by integrating two wind
farms on nodes 16 and 18 and it was taken as Case study I, shown in
Fig. 4. In the current restoration state, unit 30 was used as the black-start
unit and the units on the buses 35, 37, and 38 had been restarted suc-
cessfully. The restored lines were represented by the solid black lines in
Fig. 4. Two wind farms were at the receiving end of the currently
restored network. Meanwhile, the restored line 26-27 encountered
overloading risk, so a loop-network reconfiguration scheme was
required. The proposed method was employed to obtain the optimal
loop-network reconfiguration scheme. The operational data of the two
wind farms referred to the data of wind farms in Inner Mongolia of
China.

The predicted wind power outputs obeyed the Gauss distribution,
and the spatiotemporal correlation coefficient matrix of the two wind

HOR) 37

N 25 26 29
2 q

¢27 11 38

“ 3018 17
l_Jll_l | ? 16 21

22

—=©— Opverloaded lines
— To-be-recovered lines

— Recovered lines

Fig. 4. Schematic of the loop-network reconfiguration scheme for Case study I.
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Fig. 5. Schematics of the upper and lower output limits of two wind farms.
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Table 1
Opwct vtimal loop-network reconfiguration scheme.
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Lines selected New lines charging reactive power/Mvar

Power flow before adjustment/MW

Power flow after adjustment/MW Number of loop- network

2-33-18 48.0 677.2

412.4 1

farms is given by Eq. (54). The output upper and lower limits of the two
wind farms based on the extreme scenario method are demonstrated in
Fig. 5, where the confidence level a was set to 15%.

(54)

R_ | 1 09954
= 109954 1

When two wind farms are connected to the system, there are four
extreme scenarios, requiring a multi-scenario set including all extreme
scenarios. However, these two wind farms were located at the receiving
end, so the worst scenario was formed by the lowest wind power outputs
and only the lowest wind power output needed to be considered. The
outputs of wind farm 1 and wind farm 2 were 33.029 MW and 33.005
MW respectively.

Here, the line 26-27 was overloaded (exceeding the transfer limit of
600 MW). Then the loop-network reconfiguration scheme was required
to eliminate line 26-27 overload. The scheme obtained by the upper-
level layer model just passed the lower-level layer verification
including AC power flow constraints and SPA constraint, so the final
optimal scheme is obtained without iteration, as given in Table 1. The
transmission lines selected to form the loop-network are shown in Fig. 4,
the solid blue lines.

6.2. Case study II: Modified IEEE 118-bus system

The IEEE118-bus system was modified to further verify effectiveness
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Fig. 6. Schematic of the loop-network reconfiguration scheme for Case study II.
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Fig. 7. Schematics of the wind farm outputs when @ = 0.15 and a = 0.3.

of the proposed method, taken as Case study II and shown in Fig. 6. The
unit on node 69 was used as the black-start unit, and some units, loads
and lines had been restored to form the network structure, represented
by the black solid lines in Fig. 6. The units’ recovery states are given in
Appendix Al. For the power transfer limits of the lines were not
mentioned in the original data of the IEEE118-bus system [38], the
transfer limits of lines were hypothetical (See Appendix A2 for detail).

Different from Case study I, with wind farms connected to the sys-
tem, for the case that the sending-end and the receiving end cannot be
recognized distinctly, the worst scenario cannot be easily concluded
from the expected wind power outputs. Therefore, a multi-scenario set
of the wind power outputs was required, and the optimal loop-network
reconfiguration scheme needed to satisfy the multi-scenario set
simultaneously.

Different values of the confidence level « decided the number of the
error scenarios. Fig. 7 is a schematic of the power outputs of a wind farm

Table 2
Descriptive information for each scenario.

Scenarios description Wind farm output

Py /MW Pyo/MW Py3/MW
Scenario I 33.029 49.275 33.005
Scenario II 33.029 72.055 33.005
Scenario III 33.029 49.275 79.007
Scenario IV 33.029 72.055 79.007
Scenario V 76.071 49.275 33.005
Scenario VI 76.071 72.055 33.005
Scenario VII 76.071 49.275 79.007
Scenario VIII 76.071 72.055 79.007
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Fig. 8. Loading ratio before loop-network operation.
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Table 3
Active power flow before loop-network reconfiguration operation in each sce-
nario (MW).

Scenario Line Line Line Line
49-54 59-60 61-62 94-96

Scenario I 126.32/124.53 103.12 90.73 156.37

Scenario II 121.49/119.77 94.33 105.35 156.37

Scenario 111 118.07/116.40 88.00 76.52 156.37

Scenario IV 113.49/111.90 79.37 91.22 156.37

Scenario V 104.81/103.36 111.96 98.97 156.37

Scenario VI 100.11/98.74 103.17 113.63 156.37

Scenario VII 96.78/95.47 96.83 84.84 156.37

Scenario VIII 92.31/91.09 88.19 99.58 156.37
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Fig. 9. The angle of each key node pair in different scenarios.

when a was 0.15 and 0.3. It can be clearly seen that when a was 0.15, it
included more error scenarios. Therefore, the confidence level a was set
to 0.15 in this paper.

As shown in Fig. 6, three wind farms participated in the loop-network
reconfiguration. For better illustration, the wind farm 1 and farm 2 used
in Case study I were defined as wind farm I and wind farm III and were
connected to nodes 54 and 62 respectively. Meanwhile, a wind farm

Table 4
Information of iteration results.

Iterations  Line sets Feasibility

1 56-59(1)

62-66

94-95 95-96
2 54-59 62-66

94-95 95-96
3 56-59(2)

62-66

80-98 98-100
4 56-59(2)

62-66

80-99 99-100
5 56-59(1)

62-66

80-99 99-100
6 56-59(1)

62-66

80-98 98-100
7 54-59 62-66

80-99 99-100
8 54-59 62-66

80-98 98-100
9 56-59(2) Yes

59-61

60-62 94-95

95-96

No, the node pairs 62-66 cannot satisfy the SPA
constraint

No, the node pairs 54-59 cannot satisfy the SPA
constraint

No, the node pair 62-66 and 80-100 cannot satisfy
the SPA constraint

No, the node pairs 54-59, 62-66 and 80-100
cannot satisfy the SPA constraint
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Table 5
Loop-network reconfiguration strategy for eliminating line overloads.

Scenario The optimal charging Power flow after lines adjustment/
scheme reactive MW
power/ _ , R R
Mvar Line Line Line Line
49-54 59-60 61-62  94-96
Scenario I 56-59(2) 13 109.0/  56.0 71.7 86.4
59-61 108.3
Scenario II 60-62 99.4/ 46.3 60.5 86.4
94-95 98.7
Scenario III 95-96 103.8/ 50.3 77.6 86.4
103.1
Scenario IV 94.2/ 40.6 66.4 86.4
93.5
Scenario V 92.4/ 61.0 77.5 86.4
91.7
Scenario VI 82.7/ 51.3 66.2 86.4
82.1
Scenario VII 87.2/ 55.3 83.4 86.4
86.6
Scenario 77.5/ 45.6 72.2 86.4
VIII 77.0

with power outputs shown by Fig. 7 was connected to node 60, named as
wind farm II. The operational data of the wind farm II also referred to the
data of wind farms in Inner Mongolia and the correlation coefficient
matrix of three wind farms was given by Eq. (55). Obviously, when the
number of wind farms was three, the number of extreme scenarios in the
multi-scenario set here was eight and the descriptive information for
each scenario was given in Table 2.

1 0.8857 0.9954
R = |0.8857 1 0.8410 (55)
0.9954 0.8410 1

When the wind farms participated in loop-network reconfiguration,
the risk of line overload was aggravated. Fig. 8 was the loading ratios
before loop-network reconfiguration operation in eight scenarios and
the power output values (MW) were shown in Table 3. It was clearly that
the double-circuit line 49-54, line 59-60, line 61-62 and line 94-96
were overloaded, as shown in Fig. 8. The settings of transfer limits were
110 MW, 80 MW, 85 MW and 100 MW respectively. Therefore, it is
necessary to eliminate the line overloads by the proposed model.

In the upper-level layer model, the optimal line set for loop-network
reconfiguration scheme included line 56-59 (2), line 62-66, line 94-95,
and line 95-96, represented by the blue dotted lines in Fig. 6. Then in the
lower-level layer checking, it needed to check the SPA of each key node
pair. If the angle of lines obtained from the upper-level layer model did
not meet the SPA constraint, the next iterative calculation needed to be
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Fig. 10. Schematic of line loading ratios after loop-network reconfiguration.
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carried out until a feasible optimal solution is obtained. Fig. 9 is the
angle of each key node pair in different scenarios. It is clearly that the
node pair 54-59, node pair 62-66 and node pair 80-100 cannot satisfy
SPA constraint in eight scenarios simultaneously, so the optimal loop-
network strategy was determined through eight iterations, as shown in
Table 4.

The loop-network reconfiguration optimization model with DC
power flow constraints was a typical MILP problem, and it can ensure
optimality and high computational efficiency based on the CPLEX
solver. By adding the infeasible cut linear constraint, the infeasible
schemes were prohibited, and the solving process was guided to a
feasible optimal scheme with verification of SPA constraint and AC
power flow constraints. Thus, the optimal loop-network reconfiguration
strategy satisfying all the constraints for multi-scenario set was ob-
tained, as listed in Table 5 and shown in blue solid lines in Fig. 6. To
depict it more directly, we gave the line loading ratios after the loop-
network reconfiguration, as shown in Fig. 10. It could be seen that
through the loop-network reconfiguration, the line overloads were
eliminated, which demonstrates effectiveness of the proposed optimi-
zation method.

6.3. Case study III: Yunnan power system in southwest China

To illustrate effectiveness of the proposed model, the test was carried
out on the Yunnan power system in China. The system included 194
stations, 55 generating plants, 486 transmission lines with the voltages
of 220 kV and above. For better illustration, only 500 kV power stations
and part of 220 kV power stations were shown in Fig. 11. The black-start
unit was XW and the units of ZX, MW, KM, QJD and XLT had been
successfully restarted. The restored lines are in solid black lines in
Fig. 11. Three wind farms named HPF, YFF, QJF, were connected to the
nodes of HP, YF and QJ respectively. Due to the uncertainty of wind
power output or the large amount of load restoration which makes some

———evi3 P S—
QsH BQF _YFF G BM

PC

Recovered lines

Recovered traditional units

o Charged nodes Recovered wind farms

Overloaded lines
Lines set of the scheme

S 56 Uncharged nodes
to eliminate overloads

Unrecovered traditional units

® ®6 06

Unrecovered lines Unrecovered wind farms

Fig. 11. Initial state of Yunnan power system and the final scheme to eliminate
line overloads.
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units out of operation, three lines named line HP-QJ, line CP-BF, line BF-
YX, were overloaded in the system.

After solving and verifying the model, the optimal scheme was ob-
tained, and it satisfied SPA constraint and AC power flow constraints, as
shown by the solid green lines in Fig. 11. In the optimal scheme, the line
overloads were eliminated by restoring five additional lines, namely line
SC-CP, line BF-QD, line QD-LP, line QD-QS, line MJ-HL, to construct
loop-network in the restored area. Besides, the power carrying capacity
and handling ability to wind power fluctuations of the network structure
were also improved significantly. The optimization result demonstrates
effectiveness of the proposed method in this paper, and shows its
applicability for the elimination of line overloads in the actual provincial
transmission network reconfiguration, especially in the case with wind
power integration.

7. Conclusions

An optimization method of loop-network reconfiguration consid-
ering large-scale wind power integration is proposed to eliminate line
overloads in the black-start process. An MINLP model of loop-network
reconfiguration considering the multi-scenario set simultaneously is
established. A two-layer solving framework is proposed to solve the
optimization model. The optimal loop-network restoration scheme is
obtained by means of a hierarchical iterative solving process. The pro-
posed method is verified by the numerical results of two IEEE standard
power system cases and an actual provincial power system case. The
proposed method can be used by the power system operators to make
more secure restoration schemes.

The future work is planned as follows: 1) Corresponding efficient
calculation strategies will be studied further to shorten calculation time
of loop-network reconfiguration model; 2) The load uncertainty will be
considered in long term restoration process after a major blackout.
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Appendix Al

Appendix Al is about the recovery status of units in scene I to scene
VIII, given in Table A1.
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Table A1
The restoration status of generator units in Scene I to Scene VIIL.
Scene 40 42 49 54 55 56 59 61 62 65 66 69 77 80 100
Scene I Active power/MW 50.0 0.0 304.0 140.0 50.0  20.0 205.0 200.0 20.0 51.0 292.0 —149.1 0.0 477.0 252.0
Reactive power/Mvar  35.9  27.0 12.8 102.4 -1.1 423  -16.6 6.7 815 727 2.3 865 27.4 90.1 44.6
Scene II Active power/MW 50.0 30.0 304.0 140.0 50.0  20.0 205.0 200.0 20.0 51.0 292.0 -175.0 0.0 477.0 252.0
Reactive power/Mvar  35.9  27.0 8.3 99.0 0.4 428 -16.3 1.3 766 727 —2.4 946 27.4 90.1 44.6
Scene IIT Active power/MW 50.0 30.0 304.0 140.0 50.0  20.0 205.0 200.0 20.0 51.0 292.0  —200.0 0.0 477.0 252.0
Reactive power/Mvar  35.9  27.0 7.4 96.7 1.7 431 —15.3 44 597 727 7.0 104.9 27.4 90.1 44.6
Scene IV Active power/MW 50.0 30.0 304.0 140.0 50.0 20.0 205.0 200.0 20.0 51.0 292.0 —222.4 0.0 477.0 252.0
Reactive power/Mvar  35.9  27.0 8.0 93.69 3.5 435 -145 -1.0 562 727 -10.0 116.3 27.4 90.1 44.6
Scene V Active power/MW 50.0 30.0 304.0 140.0 50.0  20.0 205.0 200.0 20.0 51.0 292.0 -199.6 0.0 477.0 252.0
Reactive power/Mvar  35.9  27.0 -0.9 75.8 -24 419 -17.0 83 787 727 —-0.8 104.6 27.4 90.1 44.6
Scene VI Active power/MW 50.0 30.0 304.0 140.0 50.0  20.0 205.0 200.0 20.0 51.0 292.0 —222.5 0.0 477.0 252.0
Reactive power/Mvar  35.9  27.0 -0.1 73.1 -1.1 423  -17.0 28 742 727 —4.7 1163 27.4 90.1 44.6
Scene VII Active power/MW 50.0 30.0 304.0 140.0 50.0  20.0 205.0 200.0 20.0 51.0 292.0 —244.8 0.0 477.0 252.0
Reactive power/Mvar  35.9  27.0 4.0 71.3 -0.0 426 -16.2 57 576 727 -88 130.1 27.4 90.1 44.6
Scene VIII  Active power/MW 50.0 30.0 3040 140.0 50.0  20.0 205.0 200.0 20.0 51.0 292.0 —264.5 0.0 477.0 252.0
Reactive power/Mvar  35.9  27.0 9.4 68.9 1.6 431 -15.7 03 545 727 -11.3 1447 27.4 90.1 44.6
Appendix A2
Appendix A2 is about the assuming transfer limit of each line, given
in Table A2.
Table A2
The assuming transfer limit of each line.
Lines Transfer limit of lines/MW Lines Transfer limit of lines/MW Lines Transfer limit of lines/MW
37-40 100 40-41 100 41-42 100
42-49 200 49-54(1) 110 49-54(2) 110
49-66(1) 100 49-66(2) 100 49-69 200
54-56 60 55-56 100 55-59 100
56-59(2) 100 59-60 80 59-61 80
60-61 200 60-62 60 61-62 85
62-67 200 65-66 100 66-67 200
69-77 250 77-80(1) 400 77-80(2) 400
80-96 200 94-95 100 94-96 100
94-100 300 95-96 100 100-101 100
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