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Day-ahead Voltage-stability-constrained Network
Topology Optimization with Uncertainties

Dingli Guo, Lei Wang, Ticao Jiao, Ke Wu, and Wenjing Yang

Abstract—A day-ahead voltage-stability-constrained network
topology optimization (DVNTO) problem is proposed to find
the day-ahead topology schemes with the minimum number of
operations (including line switching and bus-bar splitting) while
ensuring the sufficient hourly voltage stability margin and the
engineering operation requirement of power systems. The AC
continuation power flow and the uncertainty from both renew-
able energy sources and loads are incorporated into the formu-
lation. The proposed DVNTO problem is a stochastic, large-
scale, nonlinear integer programming problem. To solve it trac-
tably, a tailored three-stage solution methodology, including a
scenario generation and reduction stage, a dynamic period par-
tition stage, and a topology identification stage, is presented.
First, to address the challenges posed by uncertainties, a novel
problem-specified scenario reduction process is proposed to ob-
tain the representative scenarios. Then, to obtain the minimum
number of necessary operations to alter the network topologies
for the next 24-hour horizon, a dynamic period partition strate-
gy is presented to partition the hours into several periods ac-
cording to the hourly voltage information based on the voltage
stability problem. Finally, a topology identification stage is per-
formed to identify the final network topology scheme. The effec-
tiveness and robustness of the proposed three-stage solution
methodology under different loading conditions and the effec-
tiveness of the proposed partition strategy are evaluated on the
IEEE 118-bus and 3120-bus power systems.

Index Terms—Network topology optimization, static voltage
stability, line switching, bus-bar splitting, renewable energy
sources.

[. INTRODUCTION

NE of the distinctive features of modern power sys-
tems is the growing penetration of renewable energy
sources into power systems, which has the notable impacts
on the secure and stable operation of power systems [1]. It
has been reported that power systems tend to operate near
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the stability boundary due to the increasing load demand and
the intense uncertainty driven by the volatility and random-
ness of renewable energy sources [2], [3]. Coupled with that
comes from loads, the uncertainties from both renewable en-
ergy sources and loads increase the complexities of the anal-
ysis and control of power systems. Hence, it is urgent to pro-
mote effective preventive controls to ensure the security and
stability of power systems.

Various controls have been suggested and investigated,
such as var sources [4], [5] and load shedding [6], to im-
prove the static voltage stability of power systems. Network
topology optimization (NTO) has been recognized as another
promising control for operators to ensure the secure, econom-
ic, and stable operation of power systems. In distribution sys-
tems, the network topology can be changed by the tie switch-
es and the sectionalizing switches, which have received sig-
nificant attention since 1975 [7]. For transmission systems,
the common ways to alter the network topology include
transmission line switching-in, line switching-out, and bus-
bar splitting [8]. Many researchers have investigated the ap-
plications of transmission NTO for alleviating voltage viola-
tion [9], [10], relieving congestion [11], [12], reducing cost
[13], [14], and improving stability [15]-[17]. To examine ef-
fects of line switching on improving the static voltage stabili-
ty of power systems, a security-constrained AC optimal pow-
er flow (OPF) model is presented to calculate the load mar-
gin to static voltage stability limits with the optimal line
switching by a Benders-decomposition method [15], which
concludes that optimal switching lines can increase the load
margin. In addition, according to our previous research in
[16] and [17], bus-bar splitting and line switching can also
increase the load margin to static voltage stability limits, in-
cluding two types of static bifurcations: saddle-node bifurca-
tion (SNB) and structure-induced bifurcation (SIB).

To extend the NTO, many researchers have incorporated
the NTO into the optimization operations of power systems.
For example, a day-ahead scheduling model while consider-
ing transmission switching is proposed to restrict short-cir-
cuit current and minimize system operation cost [18]. In
[19], the corrective NTO with contingency is presented to re-
duce the number of cases with constraint violations and im-
prove the reserve deliverability. An optimal operational
scheduling framework with the NTO is proposed to mini-
mize the day-ahead total operation costs in the distribution
management system [20]. In [21], the NTO and dynamic
thermal rating are incorporated in the network-constrained
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unit commitment framework in day-ahead scheduling prob-
lems to reduce total dispatch and wind power spillage costs.
In [22], a day-ahead stochastic optimal transmission switch-
ing problem is formulated considering load, wind, and solar
generation uncertainties. In [23], the transmission switching
is applied in the day-ahead scheduling problem to reduce
wind curtailment and minimize the generation costs of ther-
mal units.

Besides the cost and the security constraints, the voltage
stability constraints have been considered in the NTO prob-
lems. The linearized indicators are popularly employed to
measure the voltage stability degree in the NTO problem,
e. g., the L-indicator [24], the fast voltage stability index
[25], and the line-power-based index [26], [27]. The advan-
tage of these indexes is that the computation complexity can
be reduced because of the linear property; however, these in-
dexes cannot reflect the impacts of uncertainties and power
injection variations on the voltage stability caused by fluctua-
tions of generations and loads. From our previous studies,
the impacts are strongly nonlinear and cannot be ignored for
the voltage stability problem [28]. Therefore, it is an issue to
model the uncertainty and add the detailed nonlinear voltage
stability index into the NTO problem to describe the nonlin-
ear impacts of uncertainties and power injection variations.

Moreover, from the operational viewpoint, a practical is-
sue is that too many operations for NTO are undesirable be-
cause of the potential risks for the secure operation of power
systems and the heavy work for system operators. Hence, a
limited/minimal number of operations is crucial and more
practical for the online application of the NTO [29]. For the
day-ahead NTO problem, the time period partition is an es-
sential technique to identify similar periods and cluster them
into several periods, which is used in this study to partition
time periods to reduce the the number of operations for the
NTO. To decrease the computational burden due to the
whole time horizon, the fuzzy C-means (FCM) clustering
method is used to partition time periods into several adjacent
periods based on different indexes, e.g., the operation cost
[30], the intrinsic similarity of load data [31], and the line
loss [32], and then the dynamic network reconfiguration
problem is transformed into multiple static network reconfig-
uration problems. But for the day-ahead NTO with the volt-
age stability constraint problem, the information at the volt-
age collapse point should be considered to perform the peri-
od partition.

This paper focuses on minimizing the number of NTO
schemes required while ensuring that the static voltage stabil-
ity achieves the desired stability level. To this end, a novel
formulation called day-ahead voltage-stability-constrained
network topology optimization (DVNTO) is proposed in this
paper, which considers the inherent uncertainty of renewable
energy sources and loads. It is very challenging for the pro-
posed DVNTO problem to find the best NTO scheme from
the large number of NTO candidate schemes. Hence, an ef-
fective and fast solution methodology is needed. The main
contributions of this paper are as follows.

1) The comprehensive NTO schemes (including line
switching-in, line switching-out, and bus-bar splitting) are in-

corporated into the DVNTO problem to demonstrate the ef-
fect of line switching and bus-bar splitting on improving the
voltage stability. To flexibly mimic the NTO schemes, a gen-
eral NTO model is presented, which is suitable for fast
screening the NTO candidate schemes.

2) A DVNTO problem formulation is proposed to find the
day-ahead NTO schemes with a minimal number of opera-
tions. The AC continuation power flow constraints, AC pow-
er flow constraints, and uncertainties from renewable energy
sources and load fluctuations are incorporated in the formula-
tion, instead of the linearized constraints.

3) A problem-specified scenario construction method is
presented to address the nonlinear impacts of uncertainties
on the voltage stability margin.

4) A three-stage methodology is developed to solve the
proposed DVNTO problem, which involves the scenario gen-
eration and reduction stage, dynamic period partition stage,
and topology identification stage.

The remainder of this paper is organized as follows. The
modeling of topology optimization and uncertainty are de-
scribed in Section II. The DVNTO problem formulation and
the solution methodology are presented in Section III and
Section 1V, respectively. Numerical studies on the IEEE 118-
bus and 3120-bus power systems are extensively analyzed in
Section V. Section VI concludes this paper and the possible
future work.

II. MODELING OF TOPOLOGY OPTIMIZATION AND
UNCERTAINTY

A. A General NTO Model

Both line switching and bus-bar splitting are considered as
the possible controls for the NTO in this paper, which can
be illustrated by Fig. 1.

Generator 4

(2)

B, B, Generator 4

Fig. 1. Illustration of NTO. (a) Topolgy before NTO. (b) Line switching-
out. (c) Bus-bus splitting.

Four line branches are connected on the bus-bars B,, and
B,,. The possible controls include line switching (line L, is
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switched into service in Fig. 1(a) and line L, is switched out
of service in Fig. 1(b)) and bus-bar splitting (the bus-bar lay-
out of the substation can be changed by circuit breakers; for
example, in Fig. 1(a), the bus-bars B,, and B,, are connected
when the circuit breaker y., is closed; otherwise, bus-bars
B,, and B,, are split and a new layout is constructed). There
are six potential NTO schemes for bus-bars B,, and B, in
this example, in which Fig. 1(c) is one of them.

How to flexibly mimic all the possible schemes and identi-
fy the optimal NTO scheme quickly from a lot of candidates
is a very challenging task. To flexibly mimic the changes of
topologies, a general NTO model is proposed, inspired by
Ward equivalent theory in this paper. Taking the network
shown in Fig. 2 as an example, the altered part of the net-
work topology due to NTO is defined as the internal subsys-
tem with the boundary buses B (i.e., B,, B,, B;, B,, and B,)
and the internal buses R (i.e., R, and R,). The other part of
the network topology is defined as the external subsystem
with the external buses F (i.e., E|, E,, E,, and E,). In Fig. 2,
the red line represents the line that is switched out after
NTO. According to the Ward equivalent theory, the internal
subsystem can be converted into a mesh network with the
boundary buses as vertices.

B,

(b)

Fig. 2. Illustration of proposed general NTO model. (a) Before NTO. (b)
After NTO.

Before the NTO, the voltage equation of the power sys-
tem can be described as:

Y Ypg O VR iR
Yoo Yo Yy Vel =11, (1)
0 Y, Y, VE iE

where Y,,, Y, and Y. are the self-admittance matrices of
the internal buses, boundary buses, and external buses, re-
spectively; Ypp, Ypp, Yue, and Y, are the mutual admittance
matrices; VR, VB, and VE are the matrices of the bus voltag-
es; and I, I, and I, are the matrices of injection currents.
Eliminating the first line in (1) by the Gaussian elimination
method, the internal subsystem can be represented as an
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equivalent network N, (i.e., the mesh network in Fig. 2(a))
with the admittance Y, which is connected to the external
subsystem by the boundary buses.

o n] [0 o
YEB YEE VE IE
I7315= YBB_YBRYR}C}YRB (Zb)

where ¥,, is the admittance matrix of the equivalent internal
subsystem.

After the NTO, the topology of the internal subsystem is
changed, whereas the boundary buses and the external sub-
system remain unchanged. Hence, the voltage equation of
the power system after the NTO can be described as:

Yie Yo O \Vi| |Ii
Yoo Yg Yy Vil|=1|1; (3)
0 Yy, Yy VE I P

where the superscript “+” denotes the elements changed due
to the NTO. Similarly, the internal subsystem can be repre-
sented by a new mesh network N, shown in Fig. 2(b) with
the admittance matrix ¥}, i.e.,

= el
V=Y Vi (Vi) 'V (4b)
Hence, the difference between network topologies before

and after the NTO can be equivalent to the admittance
change of two mesh networks N, and Ny, i.e.,

AY=Y;,—Y,, (5)

The proposed model is suitable for any switching action

such as the NTO and shunt switching, and supports the fast-

screening task to screen out those invalid NTO schemes by

a linearized method. The detailed steps are summarized in
Section IV-B.

(42)

B. Uncertainty Characterization and Scenario Generation

In this paper, the uncertainties are modeled by scenario-
based methods. R-vine Copula method is used to fit the cor-
relations according to the historical data to model the spatial
correlations among renewable energy sources. Assume that
an available prediction technique can provide day-ahead pre-
dicted loads and renewable energy sources. The hourly pre-
diction errors of load demands and the outputs of renewable
energy sources can be described by the normally-distributed
random variables. Assume that the standard deviations are
o1, and o/, for the renewable energy source on load buses
i and j at the ™ hour, respectively, and the (predicted) mean
values are M,,, and M, ,, the outputs of renewable energy
sources and load demands on bus i can be represented as
scenario sets S (SE~N(My,,.0r,,) and Si, (SI~N(M,,,.
o7,.)), respectively. According to the previous studies in
[28], the joint scenarios of renewable energy sources and
loads should be used to describe the nonlinear characteristic
between the scenarios and the voltage stability, i.e., the joint
scenario set SS,, on bus i at the " hour is the Cartesian
product of the scenario set S7 and the scenario set S},
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SS, =S x Sft: { <SR,i,t’SL.i,t> ‘SRA,;'.: € Sft/\su.z € Sft} (6)
where s,,, and s, , are the elements of the sets S, and S/,
respectively. Then, all the day-ahead scenarios of renewable
energy sources and loads can be composed, for example, the

k™ scenario Z, can be composed by:
Zk:{zl,k7z2.k? e Zige ~--vzz4,k} (7a)
Zt,k:{sR.l.t’SR,Z[’ . (7b)

where 7 is the total number of buses of the power system.

SR SL Lo SLoe o Sia )

III. DVNTO PROBLEM FORMULATION

The proposed problem aims to determine the day-ahead
optimized network topologies altered by the minimal number
of necessary actions to ensure enough hourly voltage stabili-
ty margin up to a desired value 1, and the engineering oper-
ation requirements of power systems. Hence, the proposed
problem formulation can be described as:

24
min > NE(N,~N,_,) ®)

t=1

s.t.

f;i\f’ (xZu’ j'zu’ dzu ): 0 VZI,/\' € Zk (9)
gi’:(leﬁ,dz‘_k):o Vz, €Z, (10)
;{z,_AZ/’{th Vz, €2, (11)
I/i.min < I/i,z,A < Vi,max Vie Bn (123)
1Sijpz SSepma Vij €B, (12b)

where N, | and N, are the network topologies at the (r—1)"
and ™ hour, respectively; NE(-) maps the difference of net-
work topologies, i.e., the needed number of line switching
and bus-bar splitting to alter the network topology from N,_,
to N; £ and g denote the AC continuation power flow

equation and the AC power flow equation in the scenario z,
and the topology N, respectively; x, and 4, are the voltage

vector and the load margin in the scenario z,,, respectively;
V.. 1is the voltage magnitude of bus i in the scenario z,,;

Lz
Vimn and V, . are the lower and upper limits of the voltage
magnitude of bus 7 in the scenario z,,, respectively; B, is the

set of buses; ;. and S are the apparent power of
line i/ in the scenario z,, and its limit, respectively; and d,

(i, j). max

is the power injection variation in the scenario z,,, specified
by the rescheduling active and reactive power generations,
the load demand, and their uncertainties.

The objective function (8) maps the minimal number of re-
quired operations to change the network topologies for the
day-ahead power system. Constraints (9) and (10) are the
AC nonlinear continuation power flow equations and the AC
power flow equations of the day-ahead power system, re-
spectively. Constraint (11) is the hourly load margin require-
ment. Constraints (12a) and (12b) represent the operational
engineering constraints, including the voltage magnitude lim-
it constraint (12a) and the thermal limit constraint (12b).

The nonlinear impact of the power injection variations on
the load margin to static voltage stability limit has been stud-
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ied in [33]. Hence, the change in the power injection varia-
tion due to uncertainties should be considered in the pro-
posed problem. The variation of the active power injection
at the #" hour can be illustrated by the 2-D space in Fig. 3,
where P, and P, are the active power injections of the
bus in the scenarios z,, and z,,,,, respectively. Hence, the
variation of the active power injection is d, =P, —P, .

Similarly, the variation of the reactive power injection at the
" hour is dy =0. -0.,where Q. and Q. are the reac-

tive power injections of the bus in the scenarios z,, and

z,, . respectively. Hence, the power injection variation in
. . -~ T

the scenario z,, is dz/_k—[d,,:u,dQ:M] .

1+ 1k

P
P,
- '\‘\\‘ e Scenario Z;
- O~ o L0 .\PZ' o Scena;rio Z,
Scenario Z,
0 1 2 3 4 1 ol 24 Time
Fig. 3. Illustration of variation of active power injection.

IV. SOLUTION METHODOLOGY

A three-stage methodology is presented to solve the DVN-
TO problem, whose framework is shown in Fig. 4, which in-
cludes the scenario generation and reduction (stage I), the
dynamic period partition (stage II), and the topology identifi-
cation (stage III). In Fig. 4, ¢, is the end hour of the first pe-
riod. The necessary inputs include the predicted renewable
energy sources and loads, the hourly generation, the mainte-
nance schedules, and the desired voltage stability margin 4,,.

A. Stage |

This stage aims to employ the scenario generation method
in Section II-B to model the uncertainties and obtain the RS
set.

The critical issue for the scenario-based modeling method
is how to reduce the number of scenarios to reduce the com-
putation burden from a large number of scenarios. According
to our experience, to obtain RSs and avoid the mis-elimina-
tion of the extreme scenarios, the scenarios should be re-
duced according to the impact of scenarios on the load mar-
gin instead of the distances among the scenarios. Therefore,
a tailored scenario reduction method is presented in this pa-
per, whose steps are summarized as follows.

Step I: cluster all the generated joint scenarios in Section
II-B into groups according to the distance between scenario
pairs and identify the central scenario of each group. The dis-
tance D, between the scenarios Z; and Z,, is:

1 24
D(k,k’): \/24 ;‘

Step 2: choose a scenario group and compute the hourly
load margin /lzuz{/l /Izw, e Al ,...,/IZM} of the central sce-

Z10

(13)

2
Zik " 2k H

2107
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nario Z, of this group and the hourly non-zero left eigenvec-
tor corresponding to the hourly zero eigenvalue of the Jaco-
bian matrix at the bifurcation point.

Input data

‘ Generate scenario in time period [1, 24] ‘

Stage | — l .
Reduce scenarios in time period [1, 24] and

determine the representative scenario (RB)

‘ Identify the starting hour of the next period 7 ‘
T

y
Stage 11 ‘ Perform time period partition for [z, 24] ‘
!
| Select the first time period [#, 7] |
Optimize the network topology for [#, ,] |
Stage I11 1
‘ Adjust the period and update ¢, ‘

Fig. 4. Framework of proposed methodology.

Step 3: estimate the hourly load margins of the k" scenar-
io within this group by (14) and (15).

. A
/’{Zv.k:/ﬁtzw_i—MZ:f:/lzl.u_w (Zteo_zt»k)

Zio 62, i

J 8f]: 1,2,...,24
wz,o_ wz,_ wz,‘o a/‘sz t E{ [t }

where A2 is the load margin change due to the difference

(14)

(15)

of the scenario z,, and the scenario z,; fz]i denotes the AC

continuation power flow equation in the scenario z,, and the
topology N,; and @, is the non-zero eigenvalue of the Jaco-

bian matrix of f’i at the bifurcation point. Repeat Step 3 un-

til the hourly load margins of all the scenario groups are esti-
mated.

Step 4: cluster all the scenarios into groups according to
the distance of the estimated load margins by (16). The dis-
tance of load margins D, between two scenarios Z; and

Z,18:

2

Azm - AZU\'

1 24
Din= ﬁ; (16)

Select the scenario with minimal load margin of each group
as the RS to form the RS set RSS={RS,,RS,,...,RS,, ... RS, },
where RS, is the k™ RS and RS, ={rs| 1, 7S5 s -+ s IS o s S0 1 o
rs,; is the hourly scenario at the /" hour of RS,, and r is the
number of RSs.

B. Stage 11

The aim of this stage is to partition the hours into several
periods according to the worst scenario RS, determined by
the following problem (17), which is proposed to determine
RS, and identify the first hour 7, with the violation of con-
straint (11). The following period partition will be performed
from 7.

24
d= arg max zam“

(17a)
1<i<r t=t,
S.t.
1 2, <4,
a,=1 " (17b)
“ 10 else

where d denotes the d™ RS of RSS; 4, is the load margin

of power system in the scenario rs,;; and a, is an integer

Li>

variable, and if 1, <4,, a,, =1, otherwise a,, =0.

To partition the hours into periods, the distinctive feature
of this paper is that the voltage changes between the bifurca-
tion point and the power flow point are used as the clustered
index and a cluster validity index Vg is proposed to evalu-
ate partition results. For bus i, the change of voltage magni-
tude in the worst scenario RS, ={rs, ;, 7S, g -2 7S, 4o o+ s TS24 4}

1S:
AVrS“,,i = (VO - Vrid.i )/Vrg,id,i

S, gl

(18)

where V! and V2 | are the voltage magnitudes of bus i at

7S, g0 7S gei
the operation point and the bifurcation point at the " hour
in the worst scenario rs, , respectively. We use a P-V curve
shown in Fig. 5 to illustrate the bifurcation point (i.e., the
nose point) and the load margin to static voltage stability
limit (i.e., the distance between the power flow point and bi-
furcation point). 4, is the load margin of power system in
the scenario rs,, Then, the following structure of the vari-
ables Wy, , for the ™ hour can be obtained:

V
Power flow point

Vo

Sl

Bifurcation
VE point

Syl

Fig. 5. P-V curve in scenario rs, , at the " hour.

N

7 S, 2

Sta

Whs, =[AV, AV 0" t={t.t,+1,...,24}

| (19)

To partition the hours into several intervals, the FCM clus-
ter method is employed with the following objective func-
tion in this paper [34]:
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c

min J,, (U, H)=min i DA

t=t,j=1

2
Wes,.—v,

(20)

where ¢ is the number of clusters; m €[1, o) is a parameter con-
trolling the fuzziness of the clustering procedure; x,; €[0, 1] is
the membership degree of W, ks, 1O the cluster v, U =(u, j) is
the membership matrix; and H={v,v,,..., Vi oo ve} is the
output of the cluster center.

A vital point of the FCM cluster method is that the num-
ber of clusters and the fuzzy clustering coefficient must be
specified in advance. Several research studies, e. g., [35],
have provided the recommended range regarding the cluster-
ing fuzzy coefficient. In this paper, the solution of the opti-
mal fuzzy coefficient is carried out with 2<m <3. To obtain
a high-quality period partitioning result, a comprehensive va-
lidity index Vg is proposed in (22) to validate the quality
of the partition in the paper. When Vg reaches its minimal
value, the optimal cluster number ¢, [36]-[38] and the
fuzzy coefficient m,, are determined.

opt

opt

c_.m )= argmin V,
( opt opt) 25c5c%m,2gms3 OSK (2 1)
Vosk=Wy, Vos+wy Vi (22)

where ¢, is the maximum number of clusters; w, and w,_

are the weights assigned to the effectiveness indexes Vg and
Vi by the entropy weight method [35], respectively; V4 is a
validity index to evaluate the cluster results based on over-
lap and separation [36]; and V; is determined by the mem-
bership values and the geometric structure of the data
set [37].

Overlap(c,U )/2 max {Overlap(c, U)}

V. o.=
os Sep(c, U )/2 max {Sep(c, U)}

24 ¢ ) 2 l 4 _ 2
S5 S]]

1=1j=1
V= P
min uv.—v ”
VELS J k

(23)

| WRSN_ v;

24

24
where v= EWRS‘,,I/(24_ZT/+ 1); Overlap(-) is the overlap de-
t:l/
gree between clusters; and Sep(-) is the separation measure
between two fuzzy clusters (please refer to [38] in details).
After this stage, the first period [¢,7,] is identified and
sent to the next stage.

C. Stage 111

This stage is to determine the optimal topology that can
increase the hourly load margins of the first period [7,7,] up
to the desired requirement with the minimized number of op-
erations by line switching and bus-bar splitting. To solve the
problem, a “screening and ranking - verification” strategy is
proposed to identify the most effective NTO schemes.

Step 1: screening and ranking.

In this step, the effective NTO schemes for the scenario
rs, . are screened from a large amount of NTO candidate

schemes and then ranked by their load margins.
To fast evaluate the effect of each NTO candidate scheme
on improving the load margin, a linear sensitivity-based

method is employed and the sensitivity of the load margin
on NTO scheme is derived to pre-screen all the NTO candi-
date schemes in the scenario s, , including line switching-

in, line switching-out, and bus-bar splitting. According to the
general NTO model proposed in Section II-A, the changes
of topologies due to the NTO can be modeled as the chang-
es of admittance matrices of the two mesh networks (5).
Hence, the change of load margins due to the NTO in the
scenario rs, , can be estimated by (25) and (26).

n=1 n
MNTOJ’S,_(,: 2 MUF"SM (25)
is1j2i1
.,
M!'IZVS,_J:_wTYAY (wdr.v“,) t:{tf’ tf‘*']’ e 24} (26)

where 7, is the number of branches of the mesh networks N,
and Ng; frf’, denotes the AC continuation power flow equa-

tion in the scenario rs,, and the topology N, @ is the non-
zero eigenvalue of the Jacobian matrix of frf’{ at the bifurca-

tion point; ¥ is the admittance matrix of the mesh network;
AY is the admittance change of two mesh networks N, and
Ny (5); and d,; is the power injection variation in the sce-

nario s, .. After this step, all the NTO schemes with the non-
negative value (i.e., Ady,,, 20) are considered as the possi-

ble candidate schemes to improve the load margin.

To rank the reserved NTO schemes, the look-ahead mar-
gin estimation method [39] is used to estimate their load
margins due to its accuracy and speed. The NTO schemes,
whose load margin is greater than 0.94,, are ranked accord-
ing to the estimated load margins by the look-ahead margin
estimation method.

Step 2: verification.

Another feature of the proposed methodology is that multi-
ple NTO schemes may be obtained in the above step.
Hence, we can further identify the “best” NTO scheme that
can meet the load margin requirement for all RSs with the
largest period length. To identify the best one, a continuous
power flow method is used to calculate the load margin for
all RSs from ¢, until the last hour that meets the load margin
requirement is reached.

Our numerical studies show that: ) in some cases, the
NTO schemes obtained in Step I may not meet the load mar-
gin requirement (11) for the whole period [¢,,¢,] under all the
RSs; ) in some cases, the NTO schemes obtained in Step 1
can also meet the load margin requirements (11) for the sub-
sequent hours of the current period [¢,¢,] under all the RSs.
Hence, in this step, the NTO scheme that can meet the load
margin requirement (11) with the longest time period is the
“optimal” solution. To this end, a dynamic period adjust-
ment strategy, inspired by [36], is necessary to deal with the
above situations, which can be illustrated in Fig. 6.
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1

I
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Fig. 6. Illustration of two situations in Step 2.
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Situation 1: the obtained NTO schemes in Step I are used
to verify the load margin requirement (11) under each RS
from the first hour 7. The NTO scheme with the longest
time period [¢,¢,] is the solution, and update #,=1¢,. ¢, is the
last hour of this period that the NTO scheme can meet the
requirement of load margin (11).

Situation 2: the obtained NTO schemes in Step I are used
to verify the load margin requirement (11) for the subse-
quent hours until the last hour without violating (11) is met,
and update 7,=1,. ¢, is the last hour outside the period [#,7, ]
that the NTO scheme can meet the requirement of load mar-
gin (11).

Based on the above process, the NTO scheme for the peri-
od [t,1,] is determined, and sent to the period [7,+1,24] as
the new initial topology to perform the proposed methodolo-
gy till the NTO schemes for 24 hours are determined.

V. NUMERICAL STUDIES

The effectiveness of the proposed methodology, the pro-
posed partition strategy, and the performance of the compre-
hensive NTO have been tested on IEEE 118-bus and 3120-
bus power systems [40]. The actual historical data of renew-
able energy sources are from the International Renewable
Energy Agency (IRENA) website [41], and the electric load
data of 2022 are from the California Independent System Op-
erator (CAISO) [42]. For comparison purposes, the follow-
ing methods are designed to show the effectiveness of the
proposed methodology.

1) Method M1: the method does not employ the proposed
verification step.

2) Method M2: the method does not employ the proposed
period partition step.

3) Method M3: the method conducts the period partition
based on the net loads.

A. IEEE 118-bus Power System

Assume that 3 photovoltaic (PV) power stations are in-
stalled at buses 72, 73, and 74, and 3 wind generators are in-
stalled at buses 90, 91, and 92. The lower and upper bounds
of bus voltage magnitudes are 0.94 p.u. and 1.06 p.u., re-
spectively. The day-ahead active power and reactive power
of loads are shown in Fig. 7. In this example, 177 transmis-
sion lines and 21 bus bars (292 splitting schemes) with more
than 4 branches are considered as the candidates to alter the
grid topology. Let 4,,=1.905 p.u..

The outputs of the proposed methodology are as follows.

1) In stage I, a total of 1000 joint scenarios are generated
and 4 RSs are obtained by the proposed scenario reduction
method.

2) After stage II, the ineligible hourly load margins in the
4 RSs are listed in Table I, and RS 1 is the worst one.
Hence, the period partition is performed in RS 1 and 6 time
periods are obtained by the proposed partition strategy. The
hourly load margins in the worst scenario and the 6 time pe-
riods are shown in Fig. 7.

3) In stage III, the NTO scheme with switching out the
line 114 is determined as the best solution for the first peri-
od 01:00-06:00 and it can support the load margin require-

ment in this period. Hence, the solution for the first period
is the topology with switching out the line 114.

TABLE I
INELIGIBLE LOAD MARGINS IN 4 RSs

RS 1 RS 2 RS 3 RS 4
t i pu) A u) 0 AGu) ¢ (pu)
02:00 1.8412  02:00 1.8206 06:00 1.8531 02:00 1.8732
07:00 1.8313 06:00 1.8384 07:00 1.8623 07:00 1.8663
11:00 1.8642 17:00 1.8576 11:00 1.8035 17:00 1.8617
17:00  1.7785 17:00 1.8674 23:00 1.8524
23:00 1.7842
70; 1
110
60+ 1o
~ 50k BB E BB 55555 {18 3
5 &
S i
= 40t 7 g
s 16 &
=300 | 666]5s E
) \ ] 2 )

g 14 \ a 1 \ (\ S
=200 4 I W LA 1% 35
oA RN RN AR DR V2
ola . AN NN . . g
01:00  05:00 09:00 13:00 17:00  21:00 24:00
Hour (hour)

Time period No.; —— Active power; Reactive power
- -Load margin
Fig. 7. Day-ahead load level and hourly load margins in worst scenario of

IEEE 118-bus power system.

The 24 hours are partitioned into 4 time periods by the
proposed methodology, as shown in Table II. The operations
for NTO include switching out the line 114 at 01:00, switch-
ing out the line 185 and switching in the line 114 at 07:00,
switching out the line 57 and switching in the line 185 at 17:
00, and splitting bus 68 according to No. 190 splitting
schemes, as shown in Table III. Hence, the total number of
operations is 6. Note that Table III summarizes all bus-bar
splitting schemes in the following study.

TABLE 11
TIME PARTITION AND NTO SCHEMES OF PROPOSED METHODOLOGY WITH
TOTAL NUMBER OF OPERATIONS OF 6 IN IEEE 118-BUS POWER SYSTEM

Time partition NTO scheme

1 01:00-06:00 114

2 07:00-16:00 114 185

3 17:00-22:00 185 57

4 23:00-24:00 +190

Note: “+” represents the execution of bus-bar splitting.

To evaluate the effectiveness of the proposed methodolo-
gy, the load margins before and after NTOs in the 4 RSs of
24 hours are calculated by the continuation power flow meth-
od, as shown in Fig. 8, from which it can be concluded that
the hourly load margins of 24 hours are all satisfied with the
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desired requirement.

TABLE III
BUS-BAR SPLITTING SCHEMES

737

TABLE IV
TIME PARTITION AND NTO SCHEMES OF METHOD M1 WITH TOTAL
NUMBER OF OPERATIONS OF 9

Time partition NTO scheme
1 01:00-04:00 114
2 05:00-09:00 114 128
3 10:00-14:00 128 26
4 15:00-16:00 26 90
5 17:00-21:00
6 22:00-24:00 90 +190

Note: “+” represents the execution of bus-bar splitting.

The hourly load demands and load margins are shown in

Splitting ~ Bus-bar Bus-bar splitting scheme
Case bus-bar  splitting  No. of line connect-  No. of line connect-
No. scheme No. ed on one bus ed on another bus
17 65 21, 23,178 22, 36,39, L
37 136 47, 51, 52 48, 50, 53, S
118 68 190 107, 183 104, 126
75 210 120, 185, L 115, 116, 117
94 264 146, 147, L 145, 150, 155
47 104 91, 92 95, 255
1085 2840 1113, 1114 1176, L
3120 2576 9242 2275, 2261 2278, L
2810 9560 2660, 3646 2693, 2702
3100 10425 384, 2770 2628’3267761%’5780’

Note: “L” represents the load branch on the splitting bus-bar, and “S” repre-
sents the shunt branch on the splitting bus-bar.

Fig. 9. Let 4,=6.2 p.u.. In this example, 1844 transmission
lines and 504 bus-bars (10488 bus-bar splitting schemes) are
considered as the candidates for the NTO. As shown in Fig.
9, several hourly load margins do not meet the require-

ment.

9 - RS1: before NTO
RS1: after NTO
- - -RS2: before NTO
8 ——RS2: after NTO
- - -RS3: before NTO
——RS3: after NTO
Tr - - =RS4: before NTO
——RS4: after NTO
P R |\ % S Threshold
) \
R=
)
5 OT
g
3
S 4r
|
3h
2L
1 . . . )
00:00 06:00 12:00 18:00 24:00
Time
Fig. 8. Hourly load margins before and after NTOs in 4 RSs.

To show the effectiveness of the verification step pro-
posed in stage III, this example is also tested by method
M1. The time partition and NTO scheme are summarized in
Table IV. It can be concluded that by method Ml, the 24
hours are partitioned into 6 time periods, and the total num-
ber of operations is 9, which is more than that of the pro-
posed methodology.

B. 3120-bus Power System

Assume that there are 6 PV stations at buses 1983, 1984,
1993, 2100, 2144, and 2146 and 6 wind generators at buses
2274, 2300, 2306, 2310, 2345, and 2349. The 55 load buses
430-440, 1100-1110, and 2800-2840 are divided into three
different types of loads that vary according to the predicted
load demand and 7 generators (at the buses 2791, 2794,
2797, 2803, 2814, 2823, and 2828) are scheduled to supply
the increased load demand.

300 110.5
{10.0
250 los
~ 202222 4444 9'0 5
2% 111! 668]  S
—_— \ h 18.5 .=
[} I 1 en
2150111111 A B g
ﬁ IR\ 0”\ \\ II ‘\ l‘ <80 E
£ 100} A ]! SN 75 8
— A :“\ N | \ I “ 1 S
/I \‘ ! :‘ " ! Il \\ Il Q\ ’o \ ’, 47.0
50+ ¥ | 'l \" \ I/ \. | ' 1\ . 65
\ \ v 10.
l/J v N y ‘.'
0 | ) || || || 1 16.0
01:00 05:00 09:00 13:00 17:00 21:00 24:00
Time

Time period No.;—— Active power; - Reactive power

- -Load margin

Fig. 9. Day-ahead load level and hourly load margins in worst scenario of
3120-bus power system.

After the proposed methodology is adopted, the 24 hours
are partitioned into 4 time periods, as shown in Table V. The
needed operations for the NTO include switching out the
line 3654 at 01:00, switching in the line 3654 and switching
out the line 2960 at 10:00, switching in the line 2960 and
switching out the line 3060 at 19:00, and switching in the
line 3060 and splitting the bus-bar 3100 according to the
No. 10425 bus-bar splitting scheme, as shown in Table III.
Hence, the total number of operations is 7. The hourly load
margins in the 3 RSs with the lowest load margins before
and after the NTO are calculated by the continuation power
flow method, as shown in Fig. 10, from which it can be con-
cluded that the hourly load margins of 24 hours are satisfied
with the desired requirement.

To demonstrate the effectiveness of the proposed partition
strategy, the simulation comparison is conducted between the
proposed methodology and method M2. The results obtained
by the two methods are summarized in Tables V and VI, re-
spectively.
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TABLE V
TIME PARTITION AND NTO SCHEMES OF PROPOSED METHODOLOGY WITH
TOTAL NUMBER OF OPERATIONS OF 7 IN 3120-BUS POWER SYSTEM

Time partition NTO scheme

1 01:00-09:00 3654

2 10:00-18:00 3654 2960

3 19:00-22:00 2960 3060

4 23:00-24:00 3060 +10425

Note: “+” represents the execution of bus-bar splitting.

127 RS1: before NTO

RS1: after NTO
——RS2: before NTO
- - -RS2: after NTO
——RS3: before NTO
- - -RS3: after NTO
————— Threshold

—_ —
(=] —
T T

Load margin (p.u.)
o

12:00 18:00

Time

6 |
00:00 06:00

Fig. 10. Hourly load margins before and after NTOs in 3 RSs.

TABLE VI
TIME PARTITION AND NTO SCHEME OF METHOD M2 WITH TOTAL
NUMBER OF OPERATIONS OF 11 IN 3120-BUS POWER SYSTEM

Time partition NTO scheme

1 01:00-04:00 64

2 05:00-09:00 64 3410

3 10:00-15:00 3410 546

4 16:00-18:00 546 3541

5 19:00-22:00 3541 135

6 23:00-24:00 135 +10425

Note: “+” represents the execution of bus-bar splitting.

1) For the number of periods, 4 periods are identified by
the proposed methodology, yet 6 periods are obtained by
method M2, which are more than those of the proposed
methodology.

2) For the number of operations, the network topology
needs to be changed at 01:00, 10:00, 19:00, and 23:00 with
the total number of operations of 7 by the proposed method-
ology. By method M2, the network topology needs to be
changed at 01:00, 05:00, 10:00, 16:00, 19:00, and 23:00
with the total number of operations of 11, which is much
more than that of the proposed methodology.
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C. Comparison with Partition Method Based on Net Load

For comparison, the example on the IEEE 118-bus power
system is tested by the proposed partition strategy based on
the voltage changes in (18), (19) and the method M3. The
day-ahead curves of wind power stations WT1-WT3 and PV
power stations PV1-PV3 are shown in Fig. 11(a) and (b), re-
spectively. Hence, the net load curve can be obtained, as
shown in Fig. 11(c). The results obtained by method M3 are
shown in Fig. 12.
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Fig. 11. Day-ahead curves of renewable energy sources and net load. (a)
Wind power station. (b) PV power station. (c) Net load.
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Comparing Fig. 7 and Fig. 12, it can be concluded that 6
periods are obtained by the proposed partition strategy,
which include 01:00-04:00, 05:00-09:00, 10:00-14:00, 15:00-
16:00, 17:00-21:00, and 22:00-24:00, whereas 8 periods are
obtained by method M3. Furthermore, several short periods
such as 01:00-02:00, 07:00-08:00, and 23:00-24:00 are iden-
tified by method M3. To identify the best NTO for these
short periods, more calculations are requied.



GUO et al.: DAY-AHEAD VOLTAGE-STABILITY-CONSTRAINED NETWORK TOPOLOGY OPTIMIZATION WITH UNCERTAINTIES

8 e Load margin
7L Time period No.
L] L]

~6F 2222 88
=5 e I \i [
&5t Vo B ro °
T | ; ro 770
§04 [ ,' \\ 4114\\ 1 ” \ ,,/ \\\

\\ ‘: \Q .’ \ /.\ B \‘ ’ .\ .
23 Nt R © sssb 'l
° y K ’ v/ ] N/
~ 2F ) ~e o * °

1L 5575
ol . . . . . .
01:00 05:00 09:00 13:00 17:00 21:00 24:00
Time

Fig. 12. Period partition results and load margins of method M3.

D. Comparison of Comprehensive NTO, Line Switching, and
Bus-bar Splitting

To explore and show the effectiveness of the comprehen-
sive NTO (including line switching and bus-bar splitting) on
improving the voltage stability, two examples in the IEEE
118-bus power system and 3120-bus power system are con-
ducted by the comprehensive NTO, line switching, and bus-
bar splitting, respectively. The data of the two examples are
the same as those in Section V-A and Section V-B. The simu-
lation results of the two examples by line switching and bus-
bar splitting are summarized in Table VII and Table VIII, re-
spectively. The comprehensive NTO for the two examples
are listed in Table II and Table V, respectively.

TABLE VII

SOLUTIONS BY LINE SWITCHING AND BUS-BAR SPLITTING OF IEEE
118-BUS POWER SYSTEM

Line switching

No. of line

Duration No. of line Bus-bar splitting

S o scheme No.
switching-in switching-out
01:00-06:00 114 +136
07:00-16:00 114 185 —-136, +65
17:00-22:00 185 57 —65, +264
23:00-24:00 57 134, 65 -264, +190
Total number
. 8 7
of operations
Note: “+” represents the execution of bus-bar splitting, and “—” represents

the restoration of bus-bar splitting scheme.

TABLE VIII
SOLUTIONS BY LINE SWITCHING AND BUS-BAR SPLITTING OF 3120-BUS
POWER SYSTEM
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It can be concluded that:

1) For the example of the IEEE 118-bus power system, 4
time periods are identified. For the line switching, the net-
work topology needs to be altered at 01:00, 07:00, 17:00,
and 23:00, and a total of 8 operations are needed to alter the
network topology. For bus-bar splitting, the topology needs
to be optimized according to the bus-bar splitting scheme
Nos. 136, 65, 264, and 190, and a total of 7 operations are
needed. However, from the results in Table II, only 5 opera-
tions are necessary for the comprehensive NTO, which are
less than those of the line switching and bus-bar splitting.

2) For the example of the 3120-bus power system, 8 oper-
ations are needed by the line switching, and 9 operations are
needed by the bus-splitting. However, from the results in Ta-
ble V, only 7 operations are needed by the comprehensive
NTO, which are less than those of the line switching and
bus-bar splitting.

E. Effectiveness Under Heavy Loading Conditions

An example of the IEEE 118-bus power system is used to
test the effectiveness of the proposed methodology under dif-
ferent loading conditions. In this test, 3 PV power stations
are installed at buses 53, 54, and 55 and 3 wind generators
are installed at buses 103, 104, and 105. The day-ahead ac-
tive and reactive power loads and hourly load margins are
shown in Fig. 13. Under this condition, the load margins in
several hours are less than 1 p.u. (listed in Table I1X), which
shows the system is under the heavy loading condition and
may cause voltage collapse at these hours, therefore set 4,=
1 p.u. in this example.

110
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Fig. 13. Day-ahead load level and hourly load margins.

TABLE IX
- — - INELIGIBLE LOAD MARGINS IN 4 RSS UNDER HEAVY LOADING CONDITION
. Line switching Duration of Bus-bar
Duration of No. of li No. of li bus-bar splitting
line switchin, 0. of line 0. ol line e
£ switching-in switching-out ~ splitting scheme No. RS 1 RS2 RS 3 RS 4
01:00-09:00 3654 01:00-09:00 +2840 t A(pu) t A (pu) ¢ 4, (p-u.) ! 4, (p-w.)
10:00-18:00 3654 2960 10:00-16:00 2840, 49560 02:00 0.9978 04:00 0.9592 02:00 0.9968  02:00 0.9824
19:00-22:00 2960 3060 17:00-19:00  —9560, +104 09:00 09918 14:00 0.9812 04:00 09280 04:00 0.9491
23:00-24:00 3060 65, 423 20:00-22:00  —104, +9242 15:00 0.9561 15:00 0.7074 09:00 09883  09:00  0.9598
22:00-24:00 9242, +10425 19:00 0.9359  23:00 0.9789 15:00 0.9483  15:00 0.9638
23:00  0.9366 19:00 09855  19:00  0.9849
Total number 3 9
of operations 23:00  0.9645
Note: “+” represents the execution of bus-bar splitting, and “—” represents

the restoration of bus-bar splitting scheme.
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The results obtained by the proposed methodology are
summarized in Table X, in which 4 periods are obtained and
the total number of operations needed to alter the network to-
pology is 7. The P-V curves before and after the NTO in the
worst scenario at 02: 00 and 23:00 are shown in Fig. 14,
which shows that the load margin is satisfied with the de-
sired requirement after the NTO. 1,, and 1,,, are the load
margins of base case (i.e., the pre-NTO power system) at 02:
00 and 23:00, respectively; and 4, and 1, are the load mar-
gins of the post-NTO power system at the 02:00 and 23:00,
respectively.

TABLE X
TIME PARTITION AND NTO SCHEMES BY PROPOSED METHODOLOGY WITH
TOTAL NUMBER OF OPERATIONS OF 7

Time partition NTO scheme

1 01:00-08:00 185

2 09:00-13:00 185 82

3 14:00-18:00 82 30

4 19:00-24:00 30 +210

Note: “+” represents the execution of bus-bar splitting.
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Fig. 14. P-V curves before and after NTO in worst scenario.

VI. CONCLUSION

This paper develops a DVNTO problem to improve the
static day-ahead voltage stability of power systems by the
comprehensive NTO with a minimum number of operations.
A three-stage solution methodology is proposed to solve the
problem. To flexibly mimic the change of topology by the
NTO, a general NTO model is proposed and tailored for the
screening task to quickly screen out those ineffective NTO
schemes by a linear sensitivity-based method. To model the
uncertainty, a scenario construction method is developed,
specified for the static voltage stability problem, which can
avoid the mis-elimination of the extreme scenario. To reduce
the number of operations for NTO, a dynamic period parti-
tion strategy is presented. Extensive testing results on the
IEEE 118-bus power system and 3120-bus power system
demonstrated that the proposed methodology can effectively

solve the proposed problem under different loading condi-
tions with promising results.

Some of the future work is to further optimize the reac-
tive power resources with the NTO to improve the voltage
stability of power systems. Another relevant work is to im-
prove the proposed problem by considering the other impor-
tant constraints such as static stability and frequency stabili-
ty constraints.
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