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ABSTRACT The expansion of the power network and integration of wind farms pose challenges in
the short-circuit current (SCC) problem. Transmission switching performs better in both flexibility and
effectiveness compared with other SCC restriction measures, while the power grid security would be
threatened as the number of switched-off-lines increases. This paper proposes a day-ahead scheduling model
considering commitment of units and N-1 criterion, to avoid the excessive SCC problem caused by wind
farms integration. Specially, the SCC calculation model of the grid-connected wind farms is put forward
to aggregate wind farms and calculate SCC. A novel SCC formulation considering transmission switching,
commitment of units as well as wind farms integration is deduced and converted to SCC constraints. The
SCC constrained mixed-integer linear programming (MILP) based day-ahead scheduling model is proposed,
which minimizes system operation cost and transmission switching cost. In addition, the N-1 security
requirement is considered in the proposed day-ahead scheduling model to ensure system security by avoiding
switching off too many lines. Numerical results of a modified IEEE 30-bus system with two wind farms
illustrate effectiveness of the proposed model.

INDEX TERMS Short-circuit current, wind farm integration, transmission switching, day-ahead scheduling,

mixed-integer linear programming.

NO_MENCLATURE ) s, Binary variable represents operation
Ma;or symbols anc} notations used Fhroughout Fhe paper are ' status of line / at hour 7, which is equal to
defined below, while others are defined following their first 1 if line / is tripped out in contingency,
appearances as needed. being 0 otherwise.
Indices: SUyg,1,SDg ;s The startup/shutdown cost of unit g at
l,g,w Indices of lines, thermal generating units and hour 7.
wind farms. X0 ng,f Uptime/downtime counter of unit g at
t,n,c,d Indices of hours, buses, contingency statuses hour ¢.
and loads. I, gy Aw Binary operation variables which are
Variables: equal to O if line //unit g/wind farm w is
Cq Marginal operation cost of unit g. in service, being 1 otherwise.
c Operation cost of switching line /. Ont, Py, Py, Angle of bus n, generation of unit g and
Ig s, Ly Commitment indicators of unit g/wind farm dispatch of wind farm w at hour ¢.
w at hour ¢. Constants:
Dg; Demand of load d at hour ¢.
The associate editor coordinating the review of this manuscript and L,G,W,N The number of lines, units, wind farms
approving it for publication was Arturo Conde and buses.
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J; Allowable number of switched-off
lines at hour 7.

Threshold value of SCC at
investigated bus n.

Large enough number.

limit
In

M

PCV,, Wind power forecast

of wind farm

w at hour ¢.
Minimum/maximum power
flow of line /.
Minimum/maximum output of
unit g.

min pmax
P, P

min pmax
Pg , Pg

sug, sdg Startup/shutdown fuel
consumption of unit g.

T;", Tgf’ff Uptime/downtime limit of unit g.

URg, DR, Up/ down ramping limit of unit g.

Xg, x5 Subtransient reactance of unit

g/wind farm equivalent WTG.
Z, Equivalent impedance of
grid-connected wind farm w.
Admittance/impedance of line /.
Original nodal self-impedance of
bus n with all lines, wind farms
and units in service.
Minimum/maximum value of bus
angles.

Yi> 21
0

Znn
min pmax
emn o

Functions and Sets:

Fe() Heat rate curve of unit g.

s(D), r(l) Sending bus and receiving bus of
line /.

QL, Qa, 2w Set of lines, units, wind farms.

QN, Qs Set of buses and investigated

buses with SCC constraints.
Arrays and matrixes:
Yo, Zo Original admittance/impedance
matrix with all lines, wind farms

and units in service.

I. INTRODUCTION

A. MITIVATION AND INCITEMENT

The enhancement of power grid network topology worsens
the excessive short-circuit current (SCC) problem, especially
with the intensified integration of wind farms [1], [2]. Trans-
mission switching is carried out to optimize system operation
and reduce the SCC level of power grid by changing the
network topology, which works well without adding extra
electrical equipment and consequently achieving significant
savings [3]. However, transmission switching may weaken
the system security and the N-1 security may not be ensured
when a large number of transmission lines are switched
off [4]. Specifically, the startup and shutdown of generators
could affect the SCC level. In turn, it is essential to restrict
the SCC level of power system considering transmission
switching and commitment status of units as well as wind
farms integration.
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B. LITERATURE REVIEW

Previous research mostly focuses on the stability analysis of
grid-connected wind farms, and few studies the impact of
wind farms integration on the SCC. To analyze the impact
of grid-connected wind farm on SCC, it is crucial to deduce
the SCC equivalent model of wind farms. There are two
main categories to obtain the SCC equivalent model of wind
farms [5]: parameter identification method [6] and wind
turbine generators (WTGs) capacity weighting method [7].
The parameter identification method is used to optimize the
parameters of the equivalent WTG and consequently improve
the identification efficiency [8]. The objective is to minimize
the output error before and after the WTG equivalent process.
Additionally, clustering algorithm is also used to analyze
and cluster the WTG parameters, such as fuzzy clustering
algorithm [9] and K-means clustering algorithm [10]. For
another method, the parameters of WTG capacity weight-
ing method could be obtained by calculating the weighted
average value of WTG parameters. The wind generation of
the wind farm is dynamically weighted to obtain the output
of its equivalent aggregated WTG [11]. In general, a grid-
connected wind farm can be converted to an equivalent WTG
and consequently participates in SCC calculation.

To restrict SCC level, optimal transmission switching is
presented. It is firstly used as an optimization approach to
manage network congestion of the power grid [12] and reduce
operation cost [13], decrease generation dispatch cost [14]
and ensure network connectedness [15]. Reference [16] val-
idates that power transmission efficiency could be improved
via transmission switching. Transmission switching plays an
essential rule in SCC level restriction. In [17], the relationship
between SCC and transmission switching is studied and an
SCC constrained optimal transmission switching model is
proposed. Additionally, researchers are aware of the impact of
transmission switching on system security, and the N-1 relia-
bility criterion is adopted to ensure system security [18], [19].
Reference [20] adds the N-1 security in the proposed optimal
transmission switching model to improve the system secu-
rity as several lines are switched off. Researchers focus on
transmission switching with security-constrained unit com-
mitment models to reduce operation cost and relieve trans-
mission violations in [21] and [22]. In [23], unit commitment
scheduling and transmission switching are co-optimized for
reserves. Transmission switching and unit commitment are
used to relieve congestion with the renewable energy integra-
tion in [24].

From another point of view, the SCC restriction result
of transmission switching have certain limitations under the
circumstances that switching off too many lines. The system
security requirements may not be satisfied because of the
switching process. It is noted that the SCC level is also
affected by starting up and shutting down the selected units.
Practically, the system SCC level is annually checked under
the assumption that all units are in service, which might be
conservative [25]. And not all units are committed in service
all the time in power system operation, which makes SCC
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restriction could be achieved through reasonable commit-
ment of units. Hence, SCC restriction measures considering
transmission switching and commitment of units are likely
to perform better. At present, researches on SCC restric-
tion simultaneously considering transmission switching and
unit commitment are limited. Reference [25] proposes a
co-optimization model and decomposes the model as a unit
commitment master problem and a transmission switching
subproblem, which is solved by an iterative algorithm. To the
best of authors’ knowledge, the SCC restriction model con-
siders both transmission switching and commitment of units
with wind farms integration has not been studied in previous
research.

C. CONTRIBUTION AND PAPER ORGANIZATION

The paper proposes a mixed-integer linear program-
ming (MILP) based day-ahead scheduling model with SCC
constraints, which considers wind farms integration, trans-
mission switching, commitment status of units, and N-1 secu-
rity requirement. The proposed model minimizes the total
cost of system operation and transmission switching. Spe-
cially, to ensure the system security, N-1 security criterion
is adopted to the proposed day-ahead scheduling model. The
major contribution of the paper can be summarized as:

1) The grid-connected wind farms equivalent model is
constructed via the single-machine equivalent model.
The grid-connected wind farms are aggregated and
embedded into the SCC calculation process. Then
a novel analytical formulation of SCC considering
transmission switching, commitment of units and inte-
gration of wind farms is put forward, which is fur-
ther linearized and converted into SCC constraints to
improve computational efficiency and directly partici-
pate in the model solving.

2) A day-ahead scheduling model with SCC constraints
considering transmission switching and commitment
of units as well as N-1 reliability criterion is pro-
posed. The proposed model could keep the benefits of
flexibility and cost-efficiency while maintaining sys-
tem security. To solve the proposed model, an iterative
procedure is designed to check N-1 security and com-
pensate for the errors of SCC linearization.

The rest of the paper is organized as follows. Section II
discusses the SCC equivalent model of the grid-connected
wind farms. The SCC formulation considering transmis-
sion switching and commitment of units is introduced in
section III. Section IV presents the proposed day-ahead
scheduling model and the N-1 security iterative procedure.
Several case studies verifying the effectiveness of the pro-
posed model are given in Section V. Finally, the paper is
concluded in section VI.

Il. THE SCC EQUIVALENT MODEL OF GRID-CONNECTED
WIND FARM

To analyze the impact of wind farms integration on
SCC level, the single-machine equivalent model of wind
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farms is introduced in Section II.LA. And Section II.B
discusses the SCC calculation model based on the wind
farm equivalent model and grid-connected wind farm

topology.

A. THE EQUIVALENT MODEL OF GRID-CONNECTED WIND
FARM

A typical wind farm with several WTGs is shown in Fig. 1.
The WTGs of the same type are firstly connected to the
branches (e.g., branch 1), and then all branches are merged
to bus A. Active power of WTGs is finally delivered to the
main grid via branch A-B.

Branch 1

Bus A

WTG

WTGm2  WTGunt WTGux

FIGURE 1. Configuration of a grid-connected wind farm.

The single-machine equivalent method [26] is widely
used according to the wind farm modeling guidelines from
IEC (international electrotechnical commission) and WECC
(western electricity coordinating council). A certain number
of WTGs of the same type working at similar opera-
tion conditions in a wind farm could be equivalently con-
verted to a new aggregated WTG [27]. The capacity of the
newly aggregated WTG is equal to the total capacity of
all the equivalent WTGs in the wind farm. An equivalent
impedance is used to represent the power loss within the wind
farm.

Consequently, a wind farm could be converted to a
newly aggregated WTG with larger capacity and equivalent
impedance. It is noteworthy that the generation output and
power loss of the wind farm before and after the aggregation
process should be same.

If the WTGs in Fig. 1 are of different types, while the
WTGs connecting on the one branch are of the same types,
each branch with its WTGs could form a new wind farm
subsystem and the multi-machine equivalent model could be
obtained, as is shown in Fig. 2(a). Furthermore, if the WTGs
in all the subsystems are of the same type, the wind farm
could be equivalent to a single-machine equivalent model as
in Fig. 2(b).

As shown in Fig. 2(b), the whole wind farm is replaced
by a newly equivalent WTG, which is WTG,,. The inter-
connection, internal loss, and impedance of branch A-B are
equivalently transformed to impedance z{v. The equivalent
system WTG,, is finally connected to the main grid via bus B.
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FIGURE 2. Configuration of the equivalent model of the grid-connected
wind farm, (a) multi-machine equivalent model with different types of
WTGs, (b) single-machine equivalent model with the same type of WTGs.

g
Sa ig’, Main . Sw ﬁ Main
grid . grid

1
Unit g B(lg B WTG ©) Bus B

FIGURE 3. SCC calculation model, (a) thermal generating unit, (b) wind
farm.

B. THE SCC CALCULATION MODEL OF GRID-CONNECTED
WIND FARM

To analyze the impact of WTGs on SCC, the impact of ther-
mal generating units is firstly deduced. The SCC calculation
model of thermal generating units is shown in Fig. 3(a).
In Fig. 3(a), when switchgear S4 is closed, unit g is in ser-
vice. The subtransient reactance x, connecting to the network
could increase the system’s SCC level, especially the SCC
level of the buses around thermal generating units.

Based on the equivalent model of wind farm in Fig. 2(b),
the SCC calculation model is profiled in Fig. 3(b). Switchgear
Sw determines the operation status of the equivalent WTG,
while x§ and z/, represent subtransient reactance and
impedance of the equivalent WTG. It could be concluded
that the SCC calculation model of WTGs is similar to the
model of thermal generating units. Once Sw is closed, the
WTG will be connected to the main grid which will increase
the system’s SCC level. Therefore, the grid-connected wind
farm is aggregated to an equivalent WTG through the single-
machine equivalent model, and the equivalent WTG will
participate in the SCC calculation via its SCC calculation
model.

Ill. THE SCC FORMULATION

This paper focuses on the SCC problem of high voltage
transmission networks where the SCC problem is more severe
as compared with distribution network. As a result, only reac-
tance is considered in the proposed SCC formulation model.
Because three-phase fault is the most severe one among all
types of faults, this paper aims at the three-phase fault and
calculate the SCC level of three-phase fault. As three-phase
fault is symmetric, only one phase analysis will be conducted
in this section. Unless specially noted, the SCC in this paper
figures the system’s SCC level.
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A. BASIC SCC FORMULATION

On account of that the interrupting capacity of the circuit
breakers mainly depends on the steady state SCC [28], this
paper focuses on the formulation of the steady state SCC,
the consideration of transient SCC will be the future research
directions. Assume that the voltage of the investigated bus n
is Up under the normal operation condition, U, and i,, are the
voltage and SCC of bus n after the fault occurs, respectively.
The relationship between nodal self-impedance z,,, voltages
and SCC at bus n is defined as follows:

Uy =Up+ zpn - In (H

After the fault occurs, the voltage of the failed bus changes
to 0, that is, U, becomes 0 [29]. Therefore, the SCC of bus n
could be obtained as follows:

Because the value of Uy is constant, and Uy is approxi-
mately 1.0 per unit [29], it could be concluded that increasing
the investigated bus’s nodal self-impedance could restrict the
SCC level. The nodal self-impedance of bus can be increased
through transmission switching or decommitting units. The
calculation of nodal self-impedance considering transmission
switching, commitment of units and wind farms integration
will be deduced in the following section.

B. SELF-IMPEDANCE CALCULATION CONSIDERING
SINGLE LINE SWITCHING

Suppose that all lines, units and wind farms are in service
before taking any SCC restriction measures [17]. The admit-
tance matrix Y; considering a single switchable line [ is
calculated as follows:

Y = Yo+ E(—p - yDE!, 1 € QL A3)

where E; = [0,...,1,...,—1, ...,O]T is an array vector,
values 1 and —1 represent the sending and receiving bus of
line [, respectively.

According to the matrix inverse lemma [30], impedance
matrix Z; can be obtained by inversing the admittance matrix
Y;, as shown in (4)-(5).

Z =Y =2 — ZoEia; ' E[ 2o 4)
a = (= -y~ + ELZoE] )

Nodal self-impedance 7z, of bus n with line / switched off
is derived as follows:

2, =DYZiD, =25, — DY ZoEia; 'Ef Zo D, (6)

nn

where D, =1[0,...,1,..., O]T represents the location of bus
n, and value 1 represents bus 7.

Because variable u; is binary, the discussion on al_l can
be divided into two conditions: 1) when line [ is switched off,
u; = 1 and al_l =(—z+ EITZOEI)_I; 2) when line [ is in
service, u; = 0 and a; — o0, that is al_1 — 0. Hence, al_1
can be rewritten as in (7).

_ —1
a' = (~u +EZ0E) 1 (7
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Consequently, the nodal self-impedance zﬁm can be cal-
culated according to the original nodal self-impedance zgn,
the compensation impedance Az. and the line status s,

as in (8)-(9).

—1
AZ = DN-ZoE(~z + Ef Z0E) EfZoID,  (8)

Zhy =D+ AL e QL )]

C. SELF-IMPEDANCE CALCULATION CONSIDERING
COMMITMENT OF SINGLE UNIT AND SINGLE WIND FARM
In fact, the impact of unit commitment on SCC mainly
depends on the connection of the unit subtransient reactance,
which is shown in Fig. 3. When a unit shuts down, its subtran-
sient reactance is simultaneously cut out from the network
which will reduce the SCC level of the system, especially the
SCC level of the buses around the thermal generating unit.

The admittance matrix with single unit g decommitted is
determined as in (10), which is similar to the formulation (3)
of transmission switching.

Yy = Yo+ Dy(—7, - x; )Dy. 8 € Qa (10)

where D, = [0,...,1,..., 0]T represents the location of
unit g, value 1 represents the bus with unit g.

Therefore, the nodal self-impedance 78, of the investi gated
bus » when unit g is decommitted could be calculated as
follows:

Zin = Zn + g - AZ, (1)
—1
Az8, = D)[~ZoDy(—xg + D} ZoDg) D3 ZoID, (12)

where Azy, is the compensation impedance when unit g is
decommitted.

Similarly, the admittance Y,, and the nodal self-impedance
2z, of bus n as considering the decommitment of wind farm
w are shown as follows:

Yy = Yo+ Dy(—hy -2, )DY w € Qw (13)
w=x8+2, (14)
2 = Zon + D - Az, (15)

-1
Az, = DY[~ZoDw(~zw + DyZoDy)  DLZo1Dy, (16)

nn

where Agz) is the compensation impedance considering
operation status of the wind farm w; value 1 in D,, =
[0,...,1,..., 0]T represents the bus with wind farm w; z,,
is the total variation impedance reflects operation status of
wind farm w.

D. SELF-IMPEDANCE CALCULATION CONSIDERING
MULTIPLE LINES SWITCHING, COMMITMENT OF UNITS
AND WIND FARMS INTEGRATION

According to (3), (10) and (13), the admittance matrix Y,y
considering multiple lines switched off, commitment of units
and wind farms integration [25] could be quantified as
follows:

Yai = Yo + DrowMiowDl g )
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Diow = [Epy, ..., Ej,Dgy, .o, Dgg, Dy - .o, Dyl

(18)
My
Micw = Mg (19)
Mw

My = diag[—p;, iy -+ =1 Vi ] (20
Mg = diagl—mg,x, ' .. =g )] (21)
My = diagl—Auw, 2,01 - oo =Dy 2] (22)

where Dy gw is the matrix consists of the location vectors of
all switchable lines, units and wind farms; M;gw is a diag-
onal matrix with operation variables representing the stat-
ues of transmission lines, thermal generating units and wind
farms.

Similarly, the nodal self-impedance zi,gnw of bus n could be
deduced as follows:

28 = 0+ DIN=ZoDigwa; by DigwZolDn (23)

argw =M L_le + D] gwMrGwDiow (24

It is worth noting that zi,‘(’;lw is nonlinear, which poses
obstacle on SCC explicit formulation. It can be analyzed
and linearized via neglecting the nondiagonal elements of
D} owMrGwDrow, which will be discussed as follows.
According to the differences of location vectors representing
lines, units and wind farms in equations (18)-(22), switching
off lines reflects both diagonal and nondiagonal elements
of D} owMrGwDigw in zs, ; while decommitting multiple
units and wind farms only exert influence on the diagonal
elements. So the physical meaning of nondiagonal element
(i,j) in D{GWM LewDrcw is the mutual impedance between
line /; and /;. Therefore, switching off multiple lines makes the
value of nondiagonal element in D}:GWM 16w DrLcw nonzero,
that is matrix D{GWMLGWDLGW is a full matrix. Hence,
multiple lines switching makes a; gw and ziﬁw be coupled and
nonlinear.

In fact, the absolute values of diagonal elements in matrix
arcw are much larger than non-diagonal ones [17]. There-
fore, the non-diagonal elements in a;gw can be ignored,
and the inverse of a;gw after linearization is derived as
follows:

ar,
G ~ a (25)
Ay

ap' = diagla;', ... a;"] (26)

ag' = diagl(—xg, + D} ZoDg) ...,
(—xgs + DY ZoDgg) | 27)

ay! = diagl(~zu, + D} ZoDy) ...,
(2w + DT, ZoDyy) '] (28)

Consequently, zfﬁlw after linearization could be calculated
as in (29). The nodal self-impedance in (29) considers
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transmission lines switching, commitment of units and grid-
connected wind farms. The SCC could be further obtained
via equation (2). In addition, the error from linearization only
comes from transmission switching [17].

lgw ~

TR
e,
w
+ deQG g Azb, + ZWEQW A - Az, (29)

IV. DAY-AHEAD SCHEDULING WITH SCC CONTRAINTS

A. OBJECTIVE FUNCTION

The proposed day-ahead scheduling model seeks to minimize
the total cost consists of unit operation cost [31] and trans-
mission switching cost, as shown in (30). The investment
cost and generation cost of wind farms are not considered.
Accordingly, the renewable power from wind farms could be
adopted as much as possible because generation cost of wind
farms is ignored.

min Z[ { deSZG Cg [Fg(Pg,t)

+ SUgs+8Dgu ]+, et i} (30)

B. SYSTEM OPERTATION CONSTRAINTS
The commitment constraints of units are formulated in (31)-
(34). Constraints (31)-(32) calculate the startup/shutdown
fuel consumption of thermal generating units. Con-
straints (33)-(34) represent minimum startup/shutdown time
of units.
Sug - (]g,t - Ig,(lfl)) = SUg,h 0=< SUg,t 31
Sdg : (Ig,(t—l) - Ig,t) =< SDg,t» 0= SDg,t (32)
T - Uga—1) = Ig) = 0 (33)

— T gy = Loe-1) =0 (34)

on
Ke-1) —

off
Ke (-1

In order to adopt the N-1 security requirement in the
proposed model, binary variable s7 is introduced to repre-
sent the operation status of line / under contingency opera-
tion condition [22]. System operation constraints considering
N-1 security requirement for all operation conditions are
shown in (35)-(43). The limits of bus angle, units genera-
tion and wind farms generation [32] are shown in (35)-(37).
Indeed, the uncertainty of wind generation are not included
in the proposed day-ahead scheduling model, which can be
incorporated by extending the proposed model into a stochas-
tic or robust optimization framework. The uncertainty of wind
generation could be incorporated by extending the proposed
model into a stochastic [33], [34] or robust optimization
framework [34]. The uncertainty handling method of wind
generation will be the future research focus. The ramp up
and down limits of thermal generating units are constrained
in (38)-(39). Power balance of each bus is restricted in (40)
[35]. The power flow capacity of each line is restricted in (41),
the power flow of line / will be limited to O when 57, = 1 or
ui: = 1. The Kirchhoff’s laws are described in (42)-(43).
Constraints (42)-(43) have to be satisfied if slt = 0 and
ui,: = 0, while constraints (42)-(43) will be relaxed when

110740

s, = loru, = 1 via the large number M, which also
represents line / is not in service.
O™M <05, < 0™ neQn,ce Qe (35)
PNy <SPS <SPPIy, 8 € Q. c € Qc (36)
0<P€yz<P{v,t'IW,taWGQWaCGQC 37
Py — Py 1y < URg - I -1y + Py
(gt — Ig,—1) + Pg™ - (1 = Igr) (38)
PS 1y = PS, <DRg- I, + PP
g, =1y = L) + Pg™* - (1 = Ig 1—1)) (39)

Y P+ Lo P~ L
gEQ(,,) 8! WEQ(") w.t S(I)EQ(,,) l’t

Cc
+Zr(1)€% P, = Zde% Dy n€Qn,ceQc (40)

PP = (= 7)) < Py < PP = (= s,

l e QL, (NS Qc (41)
Oswy.e = Ory.yyi — Pl +M - (1 — )1 —s7,) >0,

leQL,ceQc (42)
Osay.e = Orye) -y =P, =M - (1 — g )(1 = s7,) <0,

l e QL, C € QC (43)

Moreover, the relationship between commitment status of
thermal generating units/ wind farms I, ; /1, , and operation
variables g /Ay, used in Section III to derive the SCC
formulation are shown in (44)-(45).

Ig,f + ﬂg’t = 1 (44)
Iw,t + Aw,t =1 (45)

As discussed in Section III, the linearization error of SCC
calculation is introduced from the transmission switching.
Accordingly, the optimal solution obtained by the proposed
model may not guarantee that the actual SCC level is below
to the threshold value. A linearization error compensation
approach in [17] is adopted here to ensure the solution accu-
racy, SCC constraints with the error compensation are shown
in (46)-(48).

Uo/Gsty + 08 - A8 ) < 1™ ne Qs (46)
(I=bB+w, >1,1e0B 47)

B B
Dreq,, i SNE-10]@8)

where QB is the set of lines which are selected to be switched
off at hour #; b? is a binary variable indicating the operation
of lines in QB; AZB ..o 18 the gap between the actual value of
nodal self- 1mpedance in (23) and the linearized value in (29);
NE is the total number of switched off lines in QB.

The constrains in (46)-(48) are explained as follows. SCC
constraint with error compensation is restricted in (46), where
gap AzE,” is used to compensate the linearization error.
At first, Azfn!, is set to O to solve the model. Then SCC
is calculated by (23). If the SCC level is below the thresh-
old, the solution is optimal; otherwise, linearization error
needs to be compensated. As a result, Az ¢ 18 calculated
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Initialization
Set the contingency state Co={0}
and the error gap Azp,=0

Solve the model, and
get the solution

Is N-1 security satisfied ?

Calculate actual Nee
of solution via (23)

Is actual SCC below
threshold value ?

Final optimal solution

Add the contingency
state to set C

Introduce new binary
variable b? to the model
and update error

gap Az,

FIGURE 4. Flowchart of solving the proposed model.

via the actual and linearized value of nodal self-impedance.
To embed Azgn,, into the proposed day-ahead scheduling
model, constraints (47)-(48) make sure that the lines are all
switched off if and only if variable bg; is equal to 1, and
when bg ; = 1 the gap Az ¢ 18 added in (46) to compensate
linearization error caused by the switched off lines in QB.

C. SOLUTION PROCEDURE

The iterative algorithm with error compensation and
N-1 security checking is shown in Fig. 4. The detailed
procedure is as follows:

Step 1) Initialization. Set the contingency status to be
Qc = {0} where only normal operation condition
constraints are included. The error gap Azgn’, is set
to 0.

Step 2) Solve the proposed day-ahead scheduling model
with SCC constraints and derive its optimal solution.

Step 3) Check the N-1 security of the solution. If the
N-1 security cannot be satisfied, add the correspond-
ing contingency status to set ¢ and go back to Step
2; otherwise, go to Step 4.

Step 4) Calculate SCC level of the optimal solution via (23).
If the SCC level is restricted below the threshold
value, terminate the solution process with the final
result; otherwise, introduce another binary variable
shown in (47)-(48) to the model and obtain the
new AzB . to replace the previous one, go back to
Step 2.

nn,t

V. CASE STUDIES

The modified IEEE 30-bus system is used to verify the effec-
tiveness and performance of the proposed day-ahead schedul-
ing model, including two additional wind farms at bus 19 and
26 based on standard IEEE 30-bus system, and the wind
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FIGURE 5. Modified IEEE 30-bus system with two wind farms.

farm locations are determined according to reference [36].
The topology of the modified IEEE 30-bus system is shown
in Fig. 5. The capacities of thermal generating units and
wind farms are 335MW and 80MW, respectively. Detailed
data could be found in [37]. The subtransient reactance of
thermal generating units ranges from 0.04p.u. to 0.055p.u.,
and the subtransient reactance of equivalent WTGs at bus
19 and 26 are 0.04 p.u. and 0.05 p.u., respectively. In addition,
the maximum capacity of SCC level Mt is set to be 12.5kA.
The cost of switching off one transmission line ¢; is set to
be 100$, and the unit fuel cost is set as 5$/MBtu. GUROBI
solver is used to solve the proposed MILP model.

A. ANALYSIS OF SCC WITH WIND FARMS INTEGRATION
In order to verify the impact of wind farms integration on the
system SCC level, the SCC level of all buses with/without
wind farms integration when all lines and units are in service
are given in Fig. 6.

18 T T T T T T
—&— SCC with wind farms B Grid-connected wind farm
161 =G - SCC without wind farms [J Non-grid-connected wind farm
--------- SCC limit
141
N
12F
—
ﬁ 101
=3
O
A
6k
4k
ok
L L L L
0 0 5 10 20

15
Bus index

FIGURE 6. SCC level of all buses before and after wind farms integration.

As shown in Fig. 6, four buses (bus1, bus2, bus22, bus23)
are with excessive SCC before wind farms integration, while
SCC at bus 19 is drastically increased and SCC at bus 22,
23 and 27 are increased when the wind farms are integrated.
The SCC level at bus 27 is larger than the /™. The SCC
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level of bus 1 and 2 are merely impacted because of their long
electrical distance to the wind farms. It can be concluded that
wind farms integration increases the overall SCC level of the
system, especially the SCC level of the buses located near the
wind farms.

As can be observed from Fig. 6, six buses (busl, bus2,
bus19, bus22, bus23, bus27) are with excessive SCC level.
The SCC constraints are added in the proposed day-ahead
scheduling model at the aforementioned six buses. Four cases
are used to demonstrate the advantages of the proposed day-
ahead scheduling model as shown in Table 1, of which
Case 4 represents the proposed model.

TABLE 1. The four cases with different settings.

SCC restrict methods

Case scc Transmission Commitment of N-1
constraints A . security
switching units
1 J— J— J— J—
2 N N — N
3 v — N —
4 N N v v

B. CASE STUDY OF SINGLE HOURS

Because electricity load level would affect the unit commit-
ment results and consequently influence the system’s SCC
level, three different load levels with demand of 126MW,
200MW and 245MW are carried out to demonstrate the
advantages of the proposed model. The three different load
levels represent three typical hours in a day, which are 05:00,
14:00 and 21:00, respectively. The solution of Cases 1-4 at
different hours are shown in Table 2.

TABLE 2. The results of cases 1-4 at different hours.

Hour Case In service Switched Excessive  Total
units off lines buses cost($)
1 — 19,22 556.2
2 GZ’GZZsWI‘)sWZﬁ LIS-ISs LIO-ZZ, J— 8779
5 Losos
3 G2,Wi9,Was — — 564.1
4 G2, Wi9,Wi6 — — 564.1
1 — 12,1922 11574
G1,G2,Gaa, Lo L
2 Wio, W, 1 SIS — 1557.4
14 e Lio2, Laa g
3 No feasible solution
4 G1,G2,Wi9,Was Lis — 1270.8
G1,G2,Gnz 1,2,19,22
1 [t — = 1645.7
G23,W19,Wa6 23
21 2 No feasible solution
3 No feasible solution
4 G1,G2,G13,W19,Was Lo, Liss — 1891.0

As shown in Table 2, the two wind farms are in service in
all hours because wind farms do not incur any operation cost,
which results in excessive SCC level at bus 19. The load level
is in the valley at 5:00 and only two units are committed in
Case 1. And the startup of thermal generating unit leads to
excessive SCC level at bus 22. In Case 2, three transmission
lines near the buses with excessive SCC level are switched
off to reduce the system’s SCC level with the highest cost
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among Cases 1-4. As can be observed from Case 3, the SCC
level is reduced below the threshold via commitment of units.
The costs of Case 3 and 4 are same, because the transmission
switching process costs more and reducing the SCC level
through commitment of units is cheaper.

The load is in a medium level at 14:00, where three units
and two wind farms are committed, and the number of buses
with excessive SCC increases to four. On the basis of unit
commitment results in Case 1, four transmission lines are
switched off to reduce the SCC level in Case 2. As compared
to 5:00 in Case 2, more lines are switched off which might
threaten the system security. Note that the model has no
feasible solution in Case 3 at 14:00. Because higher load
level needs more thermal generating units which could not
essentially reduce the SCC level of all buses. When the unit
commitment result meets the higher power demand, the SCC
level could not be ensured at the same time.

From the solution of Case 4 at 14:00, the unit at bus 22 is
shut down and one transmission line is switched off to reduce
the SCC level. The units operation cost of Case 1 is 1157.4$,
and the units operation cost of Case 4 is 1170.8$ which is
quantified by the gap of total cost and transmission switching
cost of line 1-2. As one can observe, units operation cost
increases when units are decommitted to reduce SCC level in
the proposed model. In addition, the total cost is less than that
of Case 2 with switching off less lines. It can be concluded
that the proposed model does well both in cost-effectiveness
and N-1 security compared with merely using transmission
switching in Case 2 and commitment of units in Case 3.

At 21:00, with the load level reached peak, unit at bus 23
starts up to supply the load which increases the number of
buses with excessive SCC level to five. As a result, more lines
have to be switched off, while the N-1 security requirement
has to be simultaneously ensured. Particularly, Case 2 has no
feasible solution because too many lines are switched off and
the N-1 security criterion cannot be met.

—6-SCC of Case 1 —A— SCC of Casc 4

@ Unit in service of Case 1 A Unit in service of Case 1
----SCC limit

Bus index

FIGURE 7. The SCC magnitude of cases 1 and 4 at 21:00.

To further illustrate the SCC restriction effectiveness of
transmission switching and commitment of units in Case 4,
the unit commitment results and the SCC level of Case 1 and
4 at 21:00 are shown in Fig. 7.
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As shown in Fig. 7, the committed units and wind farms at
bus 1, 2, 19, 22 and 23 lead to excessive SCC level in Case 1.
In Case 4, units at bus 22 and 23 shut down which drastically
reduces SCC level at the two buses. It further verifies the
SCC restriction effectiveness of the commitment of units.
Analyze the relation between switched-off lines and SCC
excessive buses in Case 4, switched-off line 1-2 locates at
SCC excessive bus 1 and 2, another switched-off line 15-18 is
adjacent to excessive bus 19. These two switched-off lines
1-2 and 15-18 both locate near SCC excessive buses 1, 2 and
19. Switching off lines near SCC excessive bus can effectively
reduce the SCC level.

In conclusion, the proposed day-ahead scheduling model
performs better in cost-effectiveness, while also guarantees
system N-1 security by avoiding switching off too many lines.

C. CASE STUDY OF DAY-AHEAD SCHEDULING

To verify the effectiveness of the proposed model from the
point of day-ahead scheduling, Case 4 is applied in a day-
ahead scheduling model compared to the results of Case 1.
The load curve, number of buses with excessive SCC level
and unit commitment results of Case 1 are plotted in Fig. 8.

T
Load curve
I Number of excessive buses
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N
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Wi 000000000000000000000000 -
Wi 000000000000000000000000 -
(G Jelolelelolelolelo)elo)elo]el0)ololol0lolel0olel0k
G- OO0000000000000e00e 08000
G OO00000000O00O0O00OO0OO0O0O00 1
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Time(h)

FIGURE 8. Load curve, number of buses with excessive SCC and unit
commitment results of case 1.

As shown in Fig. 8, the number of committed units changes
as the load curve changes during the day, which also directly
influences the SCC level. The number of buses with exces-
sive SCC level increases as the electricity load increases.
To restrict the SCC level, the proposed model is used to
derive a day-ahead scheduling result to limit system’s SCC
magnitude. The switched-off lines in Case 4 are shown in
Table 3. The unit commitment result and number of switched-
off lines of Case 4 are shown in Fig. 9.

As shown in Fig. 9 and Table 3, two wind farms are both in
service in case 4 compared to the unit commitment results
in Case 1. In Fig. 9, the unit at bus 22 is OFF because
of its high subtransient reactance. In hours 1:00-2:00, two
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TABLE 3. The switched-off lines of case 4.

Hour Switched-off lines
1-2 Lis
3.5 —
6-9 Li»
10-11 Lia, Lisasg
12-14 Li»
15-19 Lio, Lisas
20-22 Lia, Lisas
23 Lia, Las

——— Number of switched-off lines
1 ’_‘

0 5 10 is 20 25

Number of lines

L @ Unitinservice Q Unit shutdown
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FIGURE 9. Number of switched-off lines and unit commitment of case 4.

thermal generating units are in service to satisfy the load
curve, and line 1-2 is switched off to reduce the SCC level.
The generating unit at bus 1 shuts down and no lines are
switched off in 3:00-5:00 because the commitment of units
could independently reduce SCC level when load is at a lower
level. As the load level increases in the daytime, two gener-
ating units starts up and line 1-2 is switched off to restrict
the SCC level at 6:00-9:00 and 12:00-14:00, respectively.
In hours 10:00-11:00 and 15:00-19:00, unit at bus 23 starts
up and line 15-18 is switched off as more generating units
start up to satisfy the increased load. Note that in Case 4, unit
at bus 13 starts up in hours 20:00-22:00 instead of unit at bus
23 because the load level is at the peak in the daytime and the
total generation after unit at bus 13 starts up cannot satisfy
the increased load, and unit at bus 13 is still in service at
22:00 because of its minimum shut time limit. And at this
time, the line 1-2 and line 12-18 are still switched off to
reduce the SCC level. Finally, the load falls back to normal
level in hours 23:00-24:00, and the number of committed
units decreases. It is worth noting that the unit commitment is
same at hours 23:00 and 24:00, while the number of switched-
off lines is different. Line 1-2 and line 2-6 are switched off
at hour 23:00, while only line 1-2 is switched off at hour
24:00. The reason is that line 2-6 is switched off to relive
the transmission congestion at 23:00 [38], [39]. Therefore,
it could be concluded that the proposed model provides an
economic and secure day-ahead scheduling solution while
ensures the system SCC level within a permissible level.
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VI. CONCLUSION

This paper proposes a day-ahead scheduling model with
SCC constraints while considering integration of wind
farms, transmission switching and commitment of units.
Grid-connected wind farms are converted to equivalent
single-machine WTG to participate in the SCC formulation.
Moreover, the N-1 security requirement is considered to
ensure the system reliability.

The case studies also show the following observations:
1) SCC could be effectively restricted via the proposed model
with transmission switching and commitment of units while
considering grid-connected wind farms; 2) decommitting
units could reduce SCC level, which has better performance
when combined with transmission switching; 3) the model
proposed in this paper has less impact on system security
with switching off less lines; 4) the proposed model performs
better in cost-effectiveness while satisfying the N-1 security
requirement.
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