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 A B S T R A C T

Congestion management is a key challenge in power systems, and topology reconfiguration offers a promising 
solution. This paper introduces the Configure-and-Bound (C&B) algorithm to efficiently solve network topology 
reconfiguration (NTR) problems, focusing on substation switching and busbar splitting. By exploiting the 
locality effects of switching maneuvers, the C&B algorithm significantly reduces the computational time 
required to solve the NP-hard NTR problems, while achieving most of the cost savings achieved by exact 
methods. We explore the conditions under which the proposed C&B algorithm is most effective by classifying 
congestion into two broad classes; near congestion and far congestion. The locality condition and the 
foundation of the proposed algorithm generalize to a broader class of (power system) optimization problems. 
Case studies done on IEEE 39, 118, 240, 300, 500, 588, and 793 bus systems demonstrate that the proposed 
algorithm can reduce the computational runtime by up to 99% and achieve up to 99.9% similar costs relative 
to the global optimal solution.

1. Introduction

In 2023, EUR 4 billion has been spent on congestion management 
in the EU [1]. On 8 January 2021, the Continental Europe Synchronous 
Area was split into two areas [2]. While seemingly distinct, both 
events underscore the critical role of transmission network flexibility. 
In particular, topology reconfiguration emerges as a promising strategy 
to mitigate congestion costs and enhance system resilience against 
large-scale disturbances. As power systems are growing in complexity, 
the ability to adapt the transmission network has become increas-
ingly valuable. Traditional grid operation assumes a fixed network 
topology, but in reality operators have some flexibility to reconfigure 
the grid by utilizing switching gear in substations. Network topology 
reconfiguration (NTR) entails the utilization of the available switching 
gear in substations to perform switching maneuvers through which 
transmission lines can be switched on/off (known in the literature as 
transmission switching) and substations could be split and reconfigured 
(known as substation switching). The role of NTR in power system 
operation is to reroute the power flows through changing the physical 
grid structure via switching.

Network topology reconfiguration has been investigated since the 
late 1980s [3–11]. NTR can lead to significant operational benefits, 
including but not limited to: alleviating congestion [12], overload 
reduction [13], reducing operating costs [14,15], enhancing system re-
liability [16,17], power system resilience [18], transient stability [19], 

I This article is part of a Special issue entitled: ‘Power network topology’ published in International Journal of Electrical Power and Energy Systems.
∗ Corresponding author at: Austrian Institute of Technology AIT GmbH, Giefinggasse 4, Vienna, 1210, Austria.
E-mail address: basel.morsy@ait.ac.at (B. Morsy).

voltage stability [20], short-circuit currents [21], enhancing renewable 
integration [22], and recently in hybrid AC/DC grids [23,24].

However, the complexity of solving the optimization models result-
ing from using NTR remains a prohibitive challenge that prevents NTR 
from being adopted in today’s transmission system operation. In [25], 
the complexity of switching problems has been shown to be NP-hard 
requiring huge computational budget to solve. Transmission switching 
problem has gained most of the attention for addressing its complexity 
as seen in [26–34], unlike substation switching problem. However, 
it has been shown in [35] that any transmission switching solution 
can be obtained by solving a substations switching (i.e., substation 
reconfiguration and busbar splitting) problem, but the opposite is not 
true. A few heuristics have been developed to address the complexity 
of substation switching problems.

In [36] a partitioning-based method was introduced to identify sub-
stations to be switched. The method applies fuzzy C-means clustering 
algorithm to partition the network into congestion zones and apply 
splitting to boundary substations. In [37], an iterative heuristic method 
was proposed to solve direct current optimal power flow (DCOPF) with 
substation switching. The iterative procedure considers one switching 
action at a time. The non-convex nature of the substation switching 
problem makes the approach of applying a single switching action at a 
time prone to convergence toward local optima. In [38], a heuristic was 
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Nomenclature

Parameters

𝐵𝑙 Susceptance of line 𝑙.
𝑃𝑑 Demand at node 𝑑.
𝑃 𝑙 Maximum capacity of line 𝑙.
𝐶𝑔 Cost of dispatch for generator 𝑔.
𝐶𝐿𝑆 Cost of load shedding.
𝑀

𝑙 ,𝑀
𝛿
𝑙 Big-M constants for line 𝑙 used in disjunctive 

constraints related with power-flow/phase-
angle limits.

Sets and Indices
 Set of all buses.
 𝑎𝑢𝑥 Set of auxiliary buses in all substations.
 Set of all generators. Indexed by 𝑔.
 Set of all loads. Indexed by 𝑑.
 Set of original (non-auxiliary) lines. Indexed 

by 𝑙.
𝑟 Set of auxiliary reconfiguration (switchable) 

lines in all substations. Subscript 𝑖 is used to 
refer to the subset in substation 𝑖.

𝑐 Set of auxiliary coupler (switchable) lines in 
all substations. Subscript 𝑖 is used to refer to 
the subset in substation 𝑖.

𝑓𝑙 Origin node index of line 𝑙.
𝑡𝑙 Terminal node index of line 𝑙.
Variables

𝑃𝑔 Output power of generator 𝑔.
𝑃𝑙 Power flow in line 𝑙.
𝛿𝑖 Voltage phase angle of bus 𝑖.
𝑧𝑟𝑙 Switching status of substation reconfigura-

tion auxiliary line 𝑙.
𝑧𝑐𝑙 Switching status of bus-bar coupler 𝑙.
𝑃𝐿𝑆
𝑑 Load shedding at node 𝑑.

proposed to solve NTR incorporating alternating current optimal power 
flow (ACOPF) and N-1 constraints. The method in [38] suffers from the 
limited number of allowed switching actions. In [39] a heuristic method 
was introduced to solve a specific version of NTR designed to improve 
feasibility of a power network for a fixed generation dispatch. The 
proposed algorithm in the [39] is iterative and applies one switching 
action at each iteration which suffers from the drawbacks mentioned 
earlier. The previous works do not consider the special structure of the 
NTR problem (i.e., some binary variables are more entangled together 
than others in case of substation switching), nor do they investigate 
the local/global effects of switching maneuvers on the power grid. The 
previously mentioned heuristics are based on an algorithm known as
k-opt [40]. The k-opt algorithm is an iterative algorithm that applies k
changes to a given feasible solution per iteration to find a better solu-
tion. The k-opt heuristic has been applied extensively to combinatorial 
optimization problems. An improvement to the k-opt algorithm is the 
Lin-Kernighan (LK) algorithm that assumes a variable 𝑘 [41]. The state-
of-the-art heuristic in that context is the Lin-Kernighan-Helsgaun (LKH) 
algorithm which was first introduced in [42]. The LKH algorithm uses 
a variable 𝑘 and employs a restriction on the candidate set at each iter-
ation utilizing domain knowledge (i.e., in the context of the traveling 
salesman problem, where these algorithms where first introduced, the 
domain knowledge is based on minimum spanning trees).

Fig. 1. Example of augmented network representation of a substation (en-
closed by a dashed rectangle).  switched on auxiliary line  switched off 
auxiliary line  auxiliary bus. L represents a transmission line, D for demand, 
and G for generator.

Paper contribution. This paper proposes a novel heuristic algorithm 
to address the complexity of network topology reconfiguration (NTR) 
problems arising in real-time or day-ahead operation planning. The 
paper investigates the locality effects of congestion and switching 
maneuvers on the grid and accordingly we classify congestion into two 
classes based on location — near congestion (when congested lines 
share a common node) and far congestion. The proposed algorithm 
leverages the locality effects of NTR. We show that the proposed 
algorithm can achieve most of the savings potential in a fraction of 
the required computational time for solving the problem exactly. We 
further identify the conditions under which the algorithm is most 
effective.

2. Preliminaries

2.1. Modeling substation switching

We model substation switching via Augmented Network Represen-
tation (ANR) [17]. Where each element connected to a substation 
(e.g. generator, load, transmission line, etc.) is assigned an auxiliary bus 
(illustrated in blue in Fig.  1). The two sections of the substation’s bus-
bar are connected through a bus-bar coupler. The coupler is modeled 
as a switchable auxiliary line (coupler line) and is used to model 
splitting/merging actions. Each auxiliary bus is connected to the two 
sections of the substation via switchable auxiliary lines (reconfigura-
tion lines). A grid component can only be connected to one bus-bar 
section at any time. Auxiliary lines have zero impedance as in practice 
these switches have very small impedance values. Such small values 
introduce numerical instabilities and ill-conditioning for the solver. 
Auxiliary lines are also assumed to have high capacity (modeled here 
at least as high as all the capacities of connected grid components) to 
allow for power flow in any direction between the two bus-bar sections.

In this work, we consider linear physics of the grid based on the 
DCOPF approximation. We model substation switching with two sets 
of constraints for both substation reconfiguration and bus-bar splitting. 
Substation reconfiguration is the action of assigning grid components 
(connected to the substation in question) to bus-bar sections. Bus-bar 
splitting/merging is the action of switching off/on the bus-bar coupler. 
Substation reconfiguration constraints can be written as: 

𝑧𝑟𝑙 ∈ {0, 1}, ∀𝑙 ∈ 𝑟 (1a)
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∑

𝑙∈𝑟𝑖

𝑧𝑟𝑙 = 1, ∀𝑖 ∈  𝑎𝑢𝑥 (1b)

|𝛿𝑓𝑙 − 𝛿𝑡𝑙 | ≤ (1 − 𝑧𝑟𝑙 )𝑀
𝛿
𝑙 , ∀𝑙 ∈ 𝑟 (1c)

|𝑃𝑙| ≤ 𝑧𝑟𝑙𝑀

𝑙 , ∀𝑙 ∈ 𝑟 (1d)

where constraint (1b) ensures that each auxiliary bus is connected to 
only one auxiliary line (mutual exclusivity) to avoid circular flows 
inside the substation. Constraint (1c) ensures that the phase difference 
between an auxiliary bus and a section is zero if the auxiliary bus 
is connected to that section, otherwise the upper bound of the phase 
difference is set to 𝑀𝛿

𝑙  to ensure that the phase angles of the bus-bar 
sections do not deviate too far from each other. Constraint (1d) models 
the capacity of auxiliary lines, where if the auxiliary line is switched off, 
the capacity becomes zero, otherwise a sufficiently large upper bound 
for the power flow across an auxiliary line is set to 𝑀

𝑙 .
Bus-bar splitting constraints are: 

𝑧𝑐𝑙 ∈ {0, 1}, ∀𝑙 ∈ 𝑐 (2a)

|𝛿𝑓𝑙 − 𝛿𝑡𝑙 | ≤ (1 − 𝑧𝑐𝑙 )𝑀
𝛿
𝑙 , ∀𝑙 ∈ 𝑐 (2b)

|𝑃𝑙| ≤ 𝑧𝑐𝑙𝑀

𝑙 , ∀𝑙 ∈ 𝑐 (2c)

where constraint (2b) ensures that if the substation is not split, then 
the substation is regarded as a single electrical node with one phase 
angle, otherwise the two bus-bar sections of the substation have an 
upper bound for the phase angle difference. The constraint (2c) models 
the capacity of the bus-bar couplers.

2.2. MILP formulation

Model (1) is a mixed-integer linear program (MILP) formulation 
for optimal power flow (OPF) with network topology reconfiguration, 
where (3a) is the total cost of operation including the cost of load 
shedding. Constraints (3b) enforce the generators capacity limits. Con-
straint (3c) enforces nodal balance on all nodes. Constraint (3d) is the 
power flow physics constraint across a branch (e.g. transmission line) 
based on the DC approximation, while (3e) enforces the branch thermal 
capacities. Constraint (3f) limits the load shedding to be at most equal 
to the demand at each node.

Model 1. OPF-NTR

min
𝜹,𝑷 ,𝒛𝒓 ,𝒛𝒄 ,𝑷𝑳𝑺

∑

𝑔∈
𝐶𝑔𝑃𝑔 +

∑

𝑑∈
𝐶𝐿𝑆𝑃𝐿𝑆

𝑑 (3a)

s.t.: 𝑃𝑚𝑖𝑛
𝑔 ≤ 𝑃𝑔 ≤ 𝑃𝑚𝑎𝑥

𝑔 , ∀𝑔 ∈  (3b)
∑

∀𝑔∈𝑖

𝑃𝑔 −
∑

∀𝑑∈𝑖

(𝑃𝑑 − 𝑃𝐿𝑆
𝑑 )

=
∑

∀𝑙∈|𝑓𝑙=𝑖
𝑃𝑙 −

∑

∀𝑙∈|𝑡𝑙=𝑖
𝑃𝑙 , ∀𝑖 ∈  (3c)

𝑃𝑙 = 𝐵𝑙(𝛿𝑓𝑙 − 𝛿𝑡𝑙 ), ∀𝑙 ∈  (3d)

− 𝑃 𝑙 ≤ 𝑃𝑙 ≤ 𝑃 𝑙 , ∀𝑙 ∈  (3e)

0 ≤ 𝑃𝐿𝑆
𝑑 ≤ 𝑃𝑑 , ∀𝑑 ∈  (3f)

(1),(2) (3g)

3. Methodology

3.1. Exploiting structure

Theoretically, a substation can be split into two or more nodes, 
however, in practice splitting into two nodes is most relevant due to 

operational considerations (i.e., additional bus-bar sections are usually 
used for maintenance). The number of possible configurations upon 
splitting a substation with 𝑛𝑠 elements into two nodes is 2𝑛𝑠 . This 
large solution space (exponential in number of connections) is hard to 
handle efficiently by branch-and-bound algorithms. However, there is 
an underlying structure in this solution space that can be exploited. 
This solution space can be counted in a slightly different way using 
combinatorics.

Let 𝑆 be a substation that can be split into two nodes 𝑆𝑎 and 𝑆𝑏. 
Assume there are 𝑛𝑠 elements connected to 𝑆 (i.e., modeled via binary 
variables). The number of all possible combinations (i.e., the solution 
space |𝑆|) can be written in the following compact formula: 

|𝑆| = 2𝑛𝑠 =
𝑛𝑠
∑

𝑘=0

(

𝑛𝑠
𝑘

)

(4)

This combinatorial expansion can be derived from counting the 
number configurations in each configuration family. We define a con-
figuration family as:

Definition 1.  A configuration family is a tuple that specifies how many 
elements are connected to each substation section. 
𝑛𝑠
𝑘 ∶= (𝑘, 𝑛𝑠 − 𝑘) ∀𝑘 ∈ {0,… , 𝑛𝑠} (5)

The size of each configuration family is given by: 

|𝑛𝑠
𝑘 | =

(

𝑛𝑠
𝑘

)

(6)

For example, a substation with 5 feeders can be split into two nodes 
rendered through the following vector 𝐙𝐫 = [0, 1, 0, 1, 1]. This 𝐙𝐫 is 
one of the configurations that belong to the family 5

3 . The family 
5
3  has 

(5
3

)

= 10 possible configurations. Notice that 𝐙𝐫 is equivalent 
to [1, 0, 1, 0, 0]. In fact, all configurations in 5

3  are equivalent to all 
configurations in 5

2 .
Each configuration family is essentially a possible way of reconfig-

uring the substation by connecting 𝑘 elements to section 𝑆𝑎 and 𝑛𝑠 − 𝑘
elements to section 𝑆𝑏. We can notice here that there are redundant 
configuration families (e.g., assigning certain elements to one section 
or to the other yields equivalent configurations as shown earlier with 
𝐙𝐫). Additionally, this solution space assumes that all configurations are 
allowed, which is not the case in practice. We can add some constraints 
to Model (1) that will reduce the solution space and capture more 
beneficial configurations if we know their corresponding configuration 
families as follows.

First, we define the set of substations that have a favorable config-
uration family 𝑛𝑠

𝑘  (for instance, identified via a heuristic) as
 fav
𝑘 ∶= {𝑠 ∈  aux ∣ 𝑠 has family 𝑛𝑠

𝑘 }.

Then, to enforce that the configuration family is respected for these 
substations, we impose the following constraint: 
∑

𝑙∈𝑟𝑆𝑎

𝑧𝑟𝑙 = 𝑘, ∀𝑠 ∈  fav
𝑘 (7a)

∑

𝑙∈𝑟𝑆𝑏

𝑧𝑟𝑙 = 𝑛𝑠 − 𝑘, ∀𝑠 ∈  fav
𝑘 (7b)

3.2. C&B algorithm

As previously discussed, each substation can be reconfigured into a 
finite number of distinct configuration families. The classical branch-
and-bound (B&B) algorithm addresses such combinatorial problems by 
constructing a search tree in which each node represents a subproblem 
with one integer variable fixed. This reduces the problem to a linear 
program (LP), whose solution is then evaluated. If the solution is worse 
than the best known feasible (integer) solution (i.e., the incumbent), the 
branch is pruned. B&B is an exact method and guarantees global opti-
mality by exhaustively exploring the feasible space while systematically 
eliminating suboptimal regions.
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Table 1
Interpretation of the binary hyperparameters governing C&B algorithm.
 Hyperparameter Name & Scope Interpretation of 0 Interpretation of 1  
 𝜌1 Self-relaxation. Used in the Oracle Problem 

(Algorithm 2).
Impose integrality on the focal substation. Relax integrality.  

 𝜌2 Cross-relaxation. Used in the Oracle Problem. Fix other substations to default topology. Relax integrality for other substations.  
 𝜌3 Family fixing. Used in the Configuration Problem 

(Algorithm 3).
Configuration family of the focal 
substation has no impact

Fix configuration family of the focal 
substation as determined by the Oracle 
Problem 

 

 𝜌4 Multi-Oracle call. Used in the main C&B Algorithm 
(Algorithm 1)

Calls Oracle Problem once in the first 
iteration.

Calls Oracle Problem once in each 
iteration.

 

 𝜌5 Revisit allowance. Used in the main C&B 
Algorithm

Visit each substation only once Permit revisits after a full cycle for further 
refinement.

 

3.2.1. Intuition behind C&B algorithm
The intuition behind the C&B Algorithm is based on two hypotheses. 

First, the empirical observation that switching actions have a local 
effect. This hypothesis is supported in [43]. The locality property 
simply implies that one can solve the NTR model for one substation (a 
set of binary variables) at a time in an iterative fashion without losing 
too much degrees of freedom. Second, to solve for one substation at 
a time, we need to know the optimal order of substations (i.e., this 
is also a combinatorial problem of 𝑛! possibilities for 𝑛 substations). 
The NTR problem is usually non-convex even in its simplified mixed-
integer linear program (MILP) form used in this work. Therefore, 
the proposed Configure-and-Bound (C&B) method introduces structure 
into the search by the natural grouping of substation reconfigurations. 
There are two objectives of C&B algorithm then; first, reduction of the 
solution space by optimizing one substation at a time. Second, optimal 
ordering of the substations to find better solutions.

3.2.2. Pseudo-code
The proposed Configure-and-Bound (C&B) algorithm (Algorithm 1) 

iteratively explores substation configurations by alternating between 
two subproblems: the Oracle Problem (Algorithm 2) and the Configu-
ration Problem (Algorithm 3). The procedure maintains a set of visited 
substations 𝑣𝑖𝑠𝑖𝑡𝑒𝑑 and uses five binary hyperparameters (𝜌1,… , 𝜌5) to 
regulate relaxations, primal cuts, and iteration control as detailed in 
Table  1.

Algorithm 1 (C&B Procedure) orchestrates both subproblems. It 
takes as inputs Model (1) after relaxation, the power grid model, and 
a combination of the five hyperparameters. It repeatedly invokes the 
oracle (P1) either once or at each iteration depending on 𝜌4, selects the 
next substation to reconfigure, and updates the topology using (P2). 
The process terminates when all substations have been processed or 
when revisiting (controlled by 𝜌5) yields no further improvement.

Algorithm 2 (Oracle Problem) ranks substations according to their 
potential for improvement. For each substation 𝑠, it solves a relaxed 
instance of the MILP model under conditions determined by 𝜌1 (self-
relaxation) and 𝜌2 (cross-relaxation), producing an objective value 𝜙
and a configuration family  . The resulting scores 𝛷𝑠 and families  𝑠

guide subsequent configuration updates.
Finally, Algorithm 3 (Configuration Problem) performs a local 

optimization on the substation selected by the oracle. Given the chosen 
substation 𝑠∗ and its configuration family 𝑓 ∗, it reconstructs the model, 
imposes integrality, and optionally fixes the configuration family de-
pending on 𝜌3. The resulting optimal objective 𝜙 and topology 𝜏 are 
then integrated into the global state 𝑣𝑖𝑠𝑖𝑡𝑒𝑑 .

There are two constraints on the hyperparameters:

1. 𝜌1 cannot be set to 1 while 𝜌3 is also set to 1. This is because 
if we relax the binary variables of a substation in the oracle 
problem 𝐏𝟏 the configuration families found will not be integer 
and cannot be imposed on the configuration problem 𝐏𝟐.

2. 𝜌5 can only be set to 1 if 𝜌4 is set to 1. This means that revisiting 
substations in the configuration problem 𝐏𝟐 is only possible if 
multiple oracle 𝐏𝟏 calls is allowed.

Table 2
Capacity multipliers for 39-bus system to induce congestion where congested 
lines do not share a common substation.
 Line Capacity multiplier 
 (2–30) 1.5  
 (16–17) 0.1  
 (13–14) 0.5  

Table 3
Lines reduced to 0.3 of their capacities for different systems.
 System Reduced lines  
 118 52, 82, 23  
 240 130, 365, 435  
 300 85, 316, 337  
 500 135, 141, 248, 388, 451  
 588 52, 218, 420, 497, 567  
 793 51, 215, 420, 432, 685, 700 

4. Results

In this section, we first investigate the applicability of NTR (when it 
is useful), and then investigate the applicability and scaling properties 
of the proposed C&B algorithm. We report the performance of the vari-
ant that achieved the best trade-off between solution quality and com-
putational effort based on an extensive ablation study (see Appendix). 
The chosen variant has hyperparameters 𝝆 = [1, 0, 0, 0, 0].

4.1. Experimental setup

We demonstrate the effectiveness of the proposed algorithm and 
compare it to solving the full NTR model directly using Gurobi. We use 
Julia language for modeling and calculations. The systems used can be 
found in the PGLib repository [44]. All experiments were conducted 
on a computer equipped with 32 GB of RAM and a CPU Intel core 
i7-1185G7.

The test cases are the 39-bus system to demonstrate the applicability 
of NTR and C&B, and the 118, 240, 300, 500, 588, and 793 bus systems 
to investigate the scaling properties of the proposed C&B algorithm.

Slight modifications to the test cases were made to induce conges-
tions in different locations. The modifications were mainly multipliers 
applied to some transmission lines capacities. While the exact reduction 
of line capacities might not happen in reality, the congestion itself is the 
point of interest and it could happen due to many reasons (e.g. partial 
failure of circuits, etc.), but this is outside the scope of this work. 
In Table  2 the capacity multipliers are shown for the 39-bus system 
to induce congestion in two lines that do not share a common node. 
Similarly, in Table  3, the capacity multiplier used for each specified line 
is 0.3. The line index is based on its index in the PGLib ‘‘.m’’ files [44]. 
The nodes selected for splitting in all the experiments presented in 
this paper are the nodes peripheral to the congested lines, which is 
a common practice. In Fig.  2, the modified and original IEEE 39-bus 
systems are shown to indicate far and near congestions respectively.
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Fig. 2. 39-bus system: (a) congested lines share a common substation (original), and (b) congested lines do not share a common substation (modified). Red lines 
are congested lines, arrows point to the direction of power flow based on DCOPF.

Algorithm 1 Generic C&B Procedure
  Input: Relaxed model 𝑏𝑎𝑠𝑒, power grid , hyperparameters 
(𝜌1, 𝜌2, 𝜌3, 𝜌4, 𝜌5)
  Output: Optimal objective 𝜙𝑖, final topology 𝑣𝑖𝑠𝑖𝑡𝑒𝑑
1: Initialize terminate← false, 𝜙𝑖, 𝜙𝑖−1 ← ∅, 𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ← ∅
2: Initialize 𝜏𝑖, 𝜏𝑖−1, 𝑣 ← ∅, 𝑖 ← 0
3: while not terminate do
4:  𝑖 ← 𝑖 + 1
5:  if 𝜌4 = 1 or 𝑖 = 1 then
6:  (𝛷𝑠, 𝑠) ← P1(,𝑏𝑎𝑠𝑒, 𝜌1, 𝜌2, 𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ) ⊳ Oracle problem.
7:  end if
8:  if 𝜌5 = 1 and keys(𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ) = Substations() then
9:  𝛷𝑠 ← 𝛷𝑠 ⧵ {𝑣}
10:  else
11:  𝛷𝑠 ← 𝛷𝑠 ⧵ keys(𝑣𝑖𝑠𝑖𝑡𝑒𝑑 )
12:  end if
13:  𝑠∗ ← argmin𝛷𝑠

14:  𝑓 ∗ ←  𝑠
𝑠∗

15:  (𝜙𝑖, 𝜏𝑖) ← P2(,𝑏𝑎𝑠𝑒, 𝑠∗, 𝜌3, 𝑓 ∗, 𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ) ⊳ Configuration 
problem

16:  𝑣 ← 𝑠∗

17:  if 𝜌5 = 1 then
18:  if keys(𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ) = Substations() and 𝜙𝑖 ≥ 𝜙𝑖−1 then
19:  terminate← true
20:  𝜙𝑖 ← 𝜙𝑖−1, 𝜏𝑖 ← 𝜏𝑖−1
21:  else
22:  𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ← 𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ∪ 𝜏𝑖
23:  𝜙𝑖−1 ← 𝜙𝑖, 𝜏𝑖−1 ← 𝜏𝑖
24:  end if
25:  else
26:  𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ← 𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ∪ 𝜏𝑖
27:  if keys(𝑣𝑖𝑠𝑖𝑡𝑒𝑑 ) = Substations() then
28:  terminate← true
29:  end if
30:  end if
31: end while
32: return 𝜙𝑖, 𝑣𝑖𝑠𝑖𝑡𝑒𝑑

4.2. Effectiveness of NTR

The following case study demonstrates the effectiveness of NTR. The 
experiment is conducted on the two variants of the IEEE 39-bus system 
presented in Fig.  2, the original system and the modified system. We 
vary the loading level from 90% to 120% of the nominal load. The 
loading level is a scaler multiplied by all the loads in the test case. We 
show the operating cost for both the DCOPF case (no switching) and 

Algorithm 2 Oracle Problem P1
  Input: Power grid , relaxed model 𝑏𝑎𝑠𝑒, hyperparameters 
(𝜌1, 𝜌2), visited topologies 𝑣𝑖𝑠𝑖𝑡𝑒𝑑
  Output: Objective scores 𝛷𝑠, families  𝑠

1: Initialize 𝛷𝑠,  𝑠 as empty dictionaries
2: for all 𝑠 ∈ Substations() in parallel do
3:   ← CopyModel(𝑏𝑎𝑠𝑒)
4:  if 𝜌1 = 0 then
5:  ImposeIntegrality(,, 𝑠)
6:  end if
7:  if 𝜌2 = 1 then
8:   𝑑𝑒𝑓𝑎𝑢𝑙𝑡 ← empty dictionary
9:  else
10:   𝑑𝑒𝑓𝑎𝑢𝑙𝑡 ← GridDefaultTopology(, exclude = {𝑠})
11:  end if
12:  Update  𝑑𝑒𝑓𝑎𝑢𝑙𝑡 with entries from 𝑣𝑖𝑠𝑖𝑡𝑒𝑑
13:  FixOtherElements(,  𝑑𝑒𝑓𝑎𝑢𝑙𝑡)
14:  Optimize()
15:  if  has feasible solution then
16:  𝜙 ← ObjectiveValue()
17:   ← ExtractTopology(,, 𝑠)
18:  else
19:  𝜙 ← ∞,  ← DefaultTopology(, 𝑠)
20:  end if
21:   ← ExtractFamily( )
22:  𝛷𝑠[𝑠] ← 𝜙
23:   𝑠[𝑠] ← 
24: end for
25: return 𝛷𝑠,  𝑠

solving the full NTR model case. We call the case where congested lines 
share a common bus ‘‘near congestion’’ (original system), while when 
the congested lines do not share a common bus, we call this case ‘‘far 
congestion’’ (modified system).

Fig.  3 shows the operating cost of NTR compared to DCOPF in the 
near congestion case. In Fig.  4, we show the operating costs for NTR 
and DCOPF in the far congestion case. Notably, the benefits of NTR in 
the far congestion case are more prominent. The loading level at which 
NTR starts to bring value to the operation (by reducing operating cost) 
is 110% for the near congestion case and 105% for the far congestion 
case. This case study signifies that NTR can bring more benefit to cases 
where congested lines are far away (at least not sharing a common bus).

In both cases presented in Figs.  3 and 4, we observe that as the load-
ing level increases, the cost savings increase as well. This observation 
points out the fact that as the system becomes more stressed, NTR offers 
extra degrees of freedom to reroute the power flows.
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Fig. 3. Cost vs. Loading level for near congestion IEEE-39 bus system.

Fig. 4. Cost vs. Loading level for far congestion IEEE-39 bus system.

Fig.  5 shows the computational time taken to solve the full NTR 
model for the 39-bus system in both near and far congestion condi-
tions. It is evident that the far congestion case requires more time to 
solve, hence more computationally expensive and needs more efficient 
algorithms to solve.

4.3. Results of the proposed C&B algorithm

In this case study, we show the effectiveness of the proposed C&B 
algorithm variants with systems of realistic sizes. We tested the algo-
rithm with the IEEE 118, 240, 300, 500, 588, and 793 bus systems. We 
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Fig. 5. Semi-log scale plot depicting computational time of NTR for near and far congestion cases.

Algorithm 3 Configuration Problem P2
  Input: Power grid , relaxed model 𝑏𝑎𝑠𝑒, current substation 
𝑠∗, hyperparemeter 𝜌3, configuration family of current substation 𝑓 ∗, 
topologies of previously visited substations 𝑣𝑖𝑠𝑖𝑡𝑒𝑑
  Output: Objective value 𝜙, optimal topology found for current 
substation 𝜏
1: Initialize 𝜙 ← ∞, 𝜏 ← ∅
2:  ← CopyModel(𝑏𝑎𝑠𝑒)
3: ImposeIntegrality(,, 𝑠∗)
4:  𝑑𝑒𝑓𝑎𝑢𝑙𝑡 ← GridDefaultTopology(, exclude = {𝑠})
5: Update  𝑑𝑒𝑓𝑎𝑢𝑙𝑡 with entries from 𝑣𝑖𝑠𝑖𝑡𝑒𝑑
6: FixOtherElements(,  𝑑𝑒𝑓𝑎𝑢𝑙𝑡)
7: if 𝜌3 = 1 then
8:  ImposeFamily(,, 𝑠∗, 𝑓 ∗)
9: end if
10: Optimize()
11: if  has feasible solution then
12:  𝜙 ← ObjectiveValue()
13:  𝜏 ← ExtractTopology(,, 𝑠)
14: else
15:  𝜙 ← ∞, 𝜏 ← DefaultTopology(, 𝑠)
16: end if
17: return 𝜙, 𝜏

used the iterative switching method found in the literature (i.e., known 
as the 1-opt approach) as a heuristic baseline, in addition to solving the 
full NTR problem using Gurobi. Our procedure of applying capacity 
multiplier to some of the transmission lines induced congestion at 
different locations while ensuring that no two congested lines share 
a common node. Fig.  6 shows the scaling properties of the proposed 
C&B algorithm. The figure is a log–log scaled plot where the 𝑥-axis is 
the required computational time  as a percentage of the computational 
time for solving the full NTR model. The 𝑦-axis is the ratio of the savings 
achieved by each algorithm to the savings achieved by solving the full 
NTR problem. The computational time limit for the full NTR model is 

set to 500 s, while no time limit is set for other methods. Most of the 
savings potential offered by topology reconfiguration is captured via 
the C&B algorithm (at least 70% in the studies presented), and most of 
the computational time requirement is also eliminated (at least 72%). 
The 1-opt heuristic, in the case of the 118-bus system required almost 
50% of the computational time for solving the full NTR model. Table 
4 shows the absolute numbers of objective values and computational 
times for all methods across all systems. In 5 out of the 6 case studies, 
the proposed C&B was able to find a solution in less time than the 1-
opt algorithm, where in 3 of these 5 cases, the objective value found by 
C&B was better than that found by 1-opt. Fig.  7 shows that the 1-opt 
heuristic resorts to transmission switching more than the C&B. While in 
some problems transmission switching could be sufficient, it has been 
shown in [17] that in other cases a system could be N-1 vulnerable if 
corrective busbar splitting is not employed.

5. Discussion

The case studies presented in this paper show that there is a dis-
tinction between far congestion and near congestion. In the example 
presented (IEEE 39-bus case) to study the difference between the two 
cases, we observed two interesting insights. First, near congestion case 
was much less computationally expensive than the far congestion case, 
indicating that near congestion cases could be easier to solve. We 
reason this out to the tight coupling between the integer variables in 
the near congestion case. This tight coupling can lead to early pruning 
of branches in the branch-and-bound tree, leaving only a few feasible 
solutions. The second insight is that cost savings in near congestion case 
are generally less than cost savings in far congestion case. This confirms 
that NTR is more constrained (we lose some degrees of freedom) in the 
near congestion case than in the far congestion case. This insight also 
indicates the effect of switching is local, as this tight coupling of binary 
variables happen only in near congestion case.

Case studies on benchmarking the C&B algorithm against the full 
NTR model and the 1-opt heuristic (commonly used in the literature 
under different names) show that the proposed C&B algorithm excels at 
finding near-optimal solutions in fraction of the time needed by solving 
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Fig. 6. Log–log scale plot of Cost savings vs. Computational time for different systems. Marker symbols indicate system size:  118-bus,  240-bus,  300-bus, 
 500-bus,  588-bus,  793-bus. Marker colors indicate method:  1-opt,  GCnB-10000.

Table 4
Simulation results in absolute numbers.
System size DCOPF NTR GCnB-10000 1-opt

Cost [$] Time [s] Cost [$] Time [s] Cost [$] Time [s] Cost [$] Time [s]
118 ( ) 125,291.64 1.33 93,026.73 9.96 93,028.93 2.80 93,158.33 5.17
240 ( ) 3.27×106 0.03 3.22×106 500.05 3.22×106 15.21 3.23×106 35.32
300 ( ) 523,536.41 0.03 515,464.59 500.03 515,509.71 3.02 515,508.86 2.54
500 ( ) 422,131.58 0.09 276,558.85 500.05 277,328.81 5.41 276,565.24 9.11
588 ( ) 211,753.37 0.06 210,330.42 500.04 210,519.47 10.27 210,330.43 13.01
793 ( ) 21,468.53 0.07 16,743.80 500.15 16,921.12 29.28 17,052.95 38.38

the full NTR model. We also observe that the proposed C&B algorithm 
dominates the 1-opt algorithm in finding substation switching solutions 
and not biased to finding only transmission switching solutions as is 
the case with the 1-opt algorithm. The computational time of the C&B 
algorithm is minimal, which shows the potential to use it for real-time 
or near-real-time switching maneuvers in realistic power grids where 
solving the full NTR model falls short in complying with realistic time 
constraints.

The notion of near/far congestion is only qualitatively defined in 
this work based on a simple assumption; congested lines that share 
a common substation qualify for near congestion, otherwise we con-
sidered the case as a far congestion case. Future work should address 
quantifying distance between congested lines and study the variation 
in performance of the C&B algorithm (or any other algorithm for that 
matter) with respect to this distance. We propose investigating metrics 
like electrical distance, sensitivity of flow on a branch given change of 
flow in another branch (i.e., the extreme form of this is the line outage 
distribution factors LODF ), graph hops, and other proximity measures 
from graph theory.

Finally, potential extension of the C&B algorithm in future work is 
in the following directions:

1. Leveraging the good performance of the C&B algorithm to be 
used as a warm start for finding good topologies and enhance 
that solution with exact methods.

2. C&B algorithm can be applied in the context of N-1 security con-
strained optimal power flow in conjunction with decomposition 
methods like Benders decomposition or column-and-constraint 
generation (CCG) as in [17] where the master problem is the 
bottleneck of computational time. Similarly with stochastic and 
robust optimization problems where usually a bi-level technique 
is applied similar to the CCG method.

3. Application of C&B in ACOPF context is also possible since 
the method mainly addresses the complexity of switching, so 
as long as the complexity of ACOPF is addressed through a 
convex relaxation (e.g. semi-definite program, or second-order 
cone program), then C&B can still be applied.

4. Application of C&B to multi-period OPF (e.g. unit commitment 
problem) in day-ahead planning via grouping of generators and 
time periods is also possible in a similar fashion to the grouping 
of a substation binary variables in a more tractable problem.

6. Conclusion

In this paper a novel algorithm was developed to tackle the com-
plexity of network topology reconfiguration (NTR) by leveraging the 
locality effects of switching in power grids. We conclude that de-
coupling and decomposition methods that tackle the complexity of 
NTR problems should make use of the locality insight. The proposed 
C&B algorithm opens the doors for real world applications of NTR in 
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Fig. 7. Stacked bar plot showing the percentage of substations that underwent splitting , only transmission switching , or were not affected at all .

Table A.5
Simulation results. Bold entries denote minimum among heuristic methods, while underlined entries denote methods in the Pareto front.

Method 118 240 300 500 588 793

Cost [$] Time [s] Cost [$] Time [s] Cost [$] Time [s] Cost [$] Time [s] Cost [$] Time [s] Cost [$] Time [s]
DCOPF 125,291.64 1.33 3.27×106 0.03 523,536.41 0.03 422,131.58 0.09 211,753.37 0.06 21,468.53 0.07
NTR 93,026.73 9.96 3.22×106 500.05 515,464.59 500.03 276,558.85 500.05 210,330.42 500.04 16,743.80 500.15

C&B-00000 93,069.78 7.68 3.22×106 20.43 515,529.11 3.60 277,328.43 7.22 210,572.72 14.09 16,916.52 27.53
C&B-00010 93,030.19 7.40 3.22×106 153.44 515,485.71 14.51 276,609.28 27.86 210,519.47 111.29 16,831.85 229.98
C&B-00100 93,094.43 2.96 3.22×106 19.88 515,514.96 7.21 277,368.32 7.67 210,572.68 12.16 16,981.98 28.90
C&B-00110 93,029.24 9.13 3.22×106 150.69 515,501.48 13.94 276,608.00 29.64 210,519.47 110.74 16,829.37 240.82
C&B-01000 93,057.95 2.80 3.23×106 18.18 515,534.71 3.66 276,817.38 8.61 210,826.84 13.98 16,971.66 37.08
C&B-01010 93,057.95 7.09 3.23×106 188.60 515,548.35 20.03 276,859.52 26.67 210,762.90 129.16 16,964.71 347.97
C&B-01100 93,030.22 2.19 3.23×106 18.38 515,522.96 3.47 276,681.82 5.53 210,763.22 12.40 17,085.12 41.89
C&B-01110 93,027.86 7.11 3.23×106 184.99 515,517.56 19.65 276,612.77 26.73 210,592.88 133.39 16,937.81 350.62
C&B-10000 93,028.93 2.80 3.22×106 15.21 515,509.71 3.02 277,328.81 5.41 210,519.47 10.27 16,921.12 29.28
C&B-10010 93,159.88 9.20 3.22×106 126.47 515,494.40 10.24 276,618.17 22.15 210,371.47 100.17 16,851.63 243.05
C&B-11000 93,057.95 1.84 3.23×106 15.79 515,540.61 2.55 276,638.35 6.41 210,904.19 10.26 17,175.28 32.14
C&B-11010 93,057.95 5.93 3.23×106 130.79 515,540.61 11.90 276,638.35 23.56 210,904.19 99.13 17,175.28 247.55
C&B-00011 93,030.19 7.89 3.22×106 170.59 515,485.71 15.49 276,609.28 32.88 210,519.47 121.83 16,831.85 336.71
C&B-00111 93,029.24 10.05 3.22×106 164.21 515,501.48 16.37 276,608.00 31.57 210,519.47 118.67 16,829.37 327.82
C&B-01011 93,057.95 7.56 3.23×106 195.99 515,548.35 19.41 276,859.52 29.92 210,762.90 139.47 16,964.71 408.35
C&B-01111 93,027.86 9.42 3.23×106 193.74 515,517.56 18.10 276,612.77 28.78 210,592.88 144.94 16,937.81 383.57
C&B-10011 93,159.88 8.17 3.22×106 129.14 515,494.40 12.91 276,618.17 28.16 210,371.47 100.67 16,851.63 296.11
C&B-11011 93,057.95 9.14 3.23×106 142.07 515,540.61 14.05 276,638.35 23.54 210,904.19 111.49 17,175.28 297.40

1-opt 93,158.33 5.17 3.23×106 35.32 515,508.86 2.54 276,565.24 9.11 210,330.43 13.01 17,052.95 38.38
2-opt 93,026.73 5.68 3.22×106 98.46 515,485.19 3.81 276,565.23 13.21 210,330.42 16.99 16,989.88 64.81
3-opt 93,026.73 9.42 3.22×106 333.91 515,468.49 5.82 276,558.85 21.37 210,330.42 21.79 16,823.22 201.97

transmission networks, where congested lines usually do not share a 
common bus. The results shown in this paper indicate that C&B can 
achieve most of the benefit associated with NTR in a fraction of the 
required computational time to solve the actual full model.
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Fig. A.8. Pareto comparison of all methods. Markers denote methods as follows:  1-opt,  2-opt,  3-opt,  C&B-00000,  C&B-00010,  C&B-00011,  C&B-
00100,  C&B-00110,  C&B-00111,  C&B-01000,  C&B-01010,  C&B-01011,  C&B-01100,  C&B-01110,  C&B-01111,  C&B-10000,  C&B-10010, 
 C&B-10011,  C&B-11000,  C&B-11010,  C&B-11011.

Appendix. Ablation study

The Configure-and-Bound (C&B) heuristic is governed by five binary 
hyperparameters (𝜌1,… , 𝜌5) controlling integrality, coupling, family 
fixing, multi-Oracle call execution, and revisits. In this appendix we 
present an ablation study showing the characteristics of each variant 
of the Generic Configure-and-Bound algorithm. Each variant of the algo-
rithm will be denoted ‘‘C&B-’’ followed by a bit string of representing 
the values of the binary hyperparameters. We also added two more 
heuristic baselines, 2-opt and 3-opt.

Table  A.5 shows the absolute numbers for objective values and 
runtimes of all methods.

Fig.  A.8 shows the Pareto set (front) of methods for the test cases 
of different system sizes. We observe that as the 𝑘 in k-opt methods 
increases, better objective values are achieved but at the expense of 
computational burden.

Finally, Fig.  A.9 shows the frequency of appearance in the Pareto 
fronts for each C&B variant. C&B-10000 appears the most in the Pareto 
fronts, therefore it was chosen as the proposed C&B variant.
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Fig. A.9. Bar plot of method frequency of appearance in Pareto fronts of each of the C&B variants.
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