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 A B S T R A C T

Transmission system operators face significant hurdles in integrating variable renewables and facilitating 
operational flexibility. This has sparked renewed interest in optimizing network capacity utilization. This 
paper explores the synergy between two flexibility-enhancing methods in hybrid AC/DC grids: Voltage Source 
Converter (VSC) set-point control pre- and post-contingency, and corrective Network Topology Reconfiguration 
(NTR). This paper introduces soft bus-bar splitting for converter substations with modular architectures to 
maximize grid flexibility. We propose an approach to optimize the topology of hybrid AC/DC grids under N-1 
security constraints. As the original problem is NP-hard, this paper utilizes a column-and-constraint generation 
algorithm. Case studies on IEEE 5, 24, 39, and 67 hybrid AC/DC systems show superiority of the proposed 
method, manifested as significant improvement in operating costs, security, and converter redispatch needs, 
under different loading conditions.

1. Introduction

Decarbonization has manifested itself as an imperative necessity due 
to the climate crisis. The European Union’s 2050 long-term goal is to 
become climate-neutral [1]. To achieve this goal, an energy transition 
away from fossil fueled energy sources and towards sustainable renew-
ables has to be realized. In areas such as Northwest Europe, there is 
potential for hundreds of gigawatts of offshore wind capacity, among 
other areas of untapped renewable energy potentials. The integration 
of renewable energy sources comes with inherent variability and un-
certainty due to the intermittent nature of renewable energy. Moreover, 
renewable energy sources are usually far away from load centers, which 
requires transport of energy over long distances. With the current 
situation of aging grids, growing demand, and more frequent extreme 
weather events, transmission system operators (TSOs) are required to 
improve grid flexibility and responsiveness to faults, imbalances, and 
congestion. The cost of congestion management in the EU during 2023 
amounted to EUR 4 billion [2]. While a 2018 position paper by ENTSO-
e reported inadequate reliability of the HVDC infrastructure [3]. To 
overcome these issues, TSOs have to pursue measures to maximize 
network utilization and capacity. To this end, there are two com-
plementary directions forward: addressing infrastructural inadequacy 
via expansion, and addressing operational inefficiency by improving 
computation methods of controlling the available resources. The former 
includes the integration of direct current (DC) grid elements to create 
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hybrid AC/DC grids, while the latter includes network topology recon-
figuration (NTR) to enhance system security and mitigate congestion 
through rerouting of power flows. We discuss advancements in both 
directions in greater detail in the forthcoming subsections.

1.1. Hybrid AC/DC grids

The expansion of the existing transmission infrastructure is in-
evitable. While transmission networks are still predominantly alter-
native current (AC) grids, there has been many advocates for high 
voltage direct current (HVDC) technology; as it is becoming a more 
viable option to provide transmission where AC technologies are not 
cost-effective, or to improve controllability [4–6]. Fig.  1 shows HVDC 
connections in Europe. It is evident that hybrid AC/DC grids will be part 
of the future as technical obstacles (pointed out in [3] for example) are 
lifted by the recent advancements in power electronics-based technolo-
gies [7]. In this direction, large batteries, despite their high cost, are 
also starting to be deployed in strategic nodes to address congestion 
issues [8]. Voltage source converter (VSC)-based HVDC technologies 
are a key enabling technology of hybrid AC/DC transmission grids. 
Ref. [9] presents modeling formulations for optimal power flow (OPF) 
in the context of hybrid AC/DC grid. Particular focus has been given on 
the use of dynamic converter control (i.e., the use of post-contingency 
converter redispatch) as a corrective measure that can avoid costly
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Nomenclature

Parameters

𝐵𝑙 Susceptance of line 𝑙.
𝑎𝑙𝑘 Status (faulty or not) of line 𝑙 at state 𝑘.
𝑎𝑐𝑜𝑛𝑣𝑐𝑘 Status of converter 𝑐 at state 𝑘.
𝑃𝑑 Demand at node 𝑑.
𝑃 𝑙 Maximum capacity of line 𝑙.
𝐶𝑔 Cost of dispatch for generator 𝑔.
𝐶𝐿𝑆 Cost of load shedding.
𝐶𝑐𝑢𝑟𝑡 Cost of curtailment.
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.
 Pre- and post-contingency states (𝑘 = 0 means 

pre-contingency).
 Set of all generators. Indexed by 𝑔.
 Set of all loads. Indexed by 𝑑.
 Set of original (non-auxiliary) lines. Indexed by 𝑙.
𝐷𝐶 Set of DC lines. Indexed by 𝑙.
 Set of all converters. Indexed by 𝑐 and refers to a 

single converter module. Subscript 𝑖 is used to refer 
to the subset connected to node 𝑖.

 Set of all modular converter. Indexed by 𝑝 and refers 
to a bulk converter that consists of a collection of 
converter modules.

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 sub-
stations. Subscript 𝑖 is used to refer to the subset in 
substation 𝑖.

(𝑗) Subset of contingencies considered at the 𝑗th 
iteration of C&CG method.

𝑓𝑙 Origin node index of line 𝑙.
𝑡𝑙 Terminal node index of line 𝑙.
𝑚𝑝
𝑖 Index of the 𝑖th module of bulk converter 𝑝.

Variables

𝑃𝑔 Output power of generator 𝑔.
𝑃 𝑐𝑢𝑟𝑡
𝑔𝑘 Power curtailed of generator 𝑔 at contingency 𝑘

𝑃𝑙𝑘 Power flow in line 𝑙 at contingency 𝑘.
𝛿𝑖𝑘 Voltage phase angle of bus 𝑖 at contingency 𝑘.
𝑧𝑟𝑙𝑘 Switching status of substation reconfiguration auxil-

iary line 𝑙 at contingency 𝑘.
𝑧𝑐𝑙𝑘 Switching status of bus-bar coupler 𝑙 at contingency 

𝑘.
𝑃𝐿𝑆
𝑑𝑘 Load shedding at node 𝑑 at contingency 𝑘.

𝑈𝐵, 𝐿𝐵 Upper and lower bounds for the total cost.
𝜙𝑘 Total operating cost at contingency 𝑘.
𝛤 Worst contingency cost.
𝑃𝐷𝐶
𝑐𝑘 Power injected at the DC side of converter 𝑐 at 

contingency 𝑘.

𝑃𝐴𝐶
𝑐𝑘 Power injected at the AC side of converter 𝑐 at 

contingency 𝑘.
𝛾𝑝𝑘 Modular capacity allocation of bulk converter 𝑝 at 

contingency 𝑘.

Fig. 1. HVDC connections in Europe [12].  Existing  Planned  Under 
construction.

generator redispatch to achieve N-1 security in hybrid AC/DC grids
[10,11].

1.2. Network topology reconfiguration

NTR is an under-utilized source of flexibility and security enhance-
ment. NTR can be in the form of transmission switching, or substa-
tion reconfiguration and bus-bar splitting (also referred to as substa-
tion switching). NTR helps in rerouting power flows in the grid via 
changing the topology. This is particularly useful in AC grids where 
power flows are not fully controllable. NTR has been investigated 
since the 1980s [13–15]. A mixed-integer linear programming (MILP) 
formulation of optimal transmission switching (OTS) was introduced 
in [16], which was extended in [17] to include N-1 security constraints. 
Ref. [18] addresses N-1 security constrained generation unit commit-
ment with co-optimization of transmission switching. Ref. [19] ad-
dresses the security constrained unit commitment problem (SCUC) with 
preventive-corrective transmission switching. [20] presents a heuristic 
approach for pre-screening best transmission switching candidates. 
[21] addresses preventive security constrained optimal power flow 
(SCOPF) with transmission switching and substation reconfiguration, 
utilizing the full capability of NTR in one problem. The substation 
reconfiguration model proposed in this paper is based on [22]. [23] 
uses NTR with the objective being relieving congestion and hence 
reducing cost. [24] addresses SCOPF with substation reconfiguration 
and bus-bar splitting where the power flow model is based on injection 
shift factors. [25] shows that post-contingency busbar splitting could 
be vital to system security.

1.3. State-of-the-art and research gap

Recent studies address the potential benefit of using NTR in the 
context of hybrid AC/DC grids. Ref. [26] utilizes transmission switching 
and dynamic line rating to solve OPF. The proposed method is based on 
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using deep-learning to achieve real-time switching. Ref. [27] addresses 
the utilization of NTR in hybrid AC/DC distribution networks. [28] pro-
poses a mixed-integer non-linear program (MINLP) formulation for NTR 
in hybrid AC/DC transmission grids. Convex relaxations are also intro-
duced including second-order cone (SOC) relaxation, quadratic convex 
(QC) relaxation, and linear programming approximation (LPAC). [29] 
proposes a method for critical node identification and performing 
bus-bar splitting in hybrid AC/DC grids.

HVDC links and offshore wind collection systems usually connect to 
the AC transmission network at a substation via a monolithic modular 
multilevel converter (MMC) architecture acting as the AC/DC con-
verter. Physically, an HVDC converter station with a shared DC bus 
but with multiple AC outputs could be constructed from parallel VSC 
converter modules. Some HVDC outlook literature discusses future use 
of standardized HVDC converter blocks (from which such a converter 
might be constructed) [30]. These standardized HVDC converter blocks 
allow for modular operation and provide extra controllability.

Switching problems are known to be NP-hard [31]. N-1 SCOPF 
with NTR can be intractable as the solution space grows exponentially 
with the system size. We identify two main sources of complexity 
in switching problems in general in the context of SCOPF: (i) the 
number of binary variables introduced, which depends on the num-
ber of substations considered for reconfiguration, (ii) the number of 
contingencies monitored, which depends on the size of the system. 
Decomposition methods can be used to address this computational com-
plexity. Previous works show that there can exist a minimal subset of all 
contingency states that, when considered, the N-1 security constraints 
can be satisfied. This concept is known as umbrella contingencies [32,
33]. Using column-and-constraint generation (C&CG) algorithm that 
was originally introduced in [34] for robust optimization, the umbrella 
contingencies can be identified by solving a master problem and a 
subproblem iteratively.

The current state-of-the-art for using NTR in hybrid AC/DC grids 
clearly shows the potential of the use case. However, we identify a gap 
in the following aspects:

1. Converters can be used in a modular fashion. When applied 
in conjunction with NTR (namely bus-bar splitting), additional 
degrees of freedom can be exploited.

2. Security and reliability of operation have not been addressed 
adequately. NTR can be used as a corrective measure for security 
enhancement.

3. Modeling NTR leads to NP-hard optimization problems. Efficient 
algorithms are needed to address this computational complexity.

1.4. Paper contribution

1. We propose a novel approach to make ultimate use of converters 
with modular architectures via a so-called soft bus-bar split-
ting. The proposed approach results in optimizing the allocated 
converter capacity at each bus-bar section in the AC-side of 
converter substations.

2. We formulate the problem using a MILP model as a N-1 SCOPF 
in hybrid AC/DC grids. The proposed model utilizes network 
topology reconfiguration (NTR) and dynamic converter control 
(DCC) to provide both preventive and corrective actions in order 
to minimize operating costs and enhance security. We consider 
AC transmission line contingencies as well as VSC converter 
contingencies.

3. We utilize column-and-constraint generation algorithm to ad-
dress the problem’s inherent computational complexity.

To the best of our knowledge, the interaction between NTR and DCC 
with soft bus-bar splitting in hybrid AC/DC grids has not been studied 
before.

The rest of the paper is organized as follows. Mathematical models 
are presented in Section 2. Case studies are presented and discussed in 
Sections 3 and 4 respectively. Section 5 concludes.

2. Mathematical modeling

2.1. Substation switching model

To model substation switching (reconfiguration and bus-bar split-
ting), we use the so-called Augmented Network Representation (ANR) 
introduced in [35]. We consider substations with two bus-bar sections. 
A substation can be modeled via ANR as follows:

1. All grid components connected to the substation (e.g, trans-
mission lines, generators, etc..) are assigned an auxiliary bus 
(illustrated in blue in Fig.  2).

2. The two sections of the substation’s bus-bar are connected 
through a bus-bar coupler. The coupler is modeled as a switch-
able auxiliary line (coupler line) and is used to model split-
ting/merging actions.

3. Each auxiliary bus is connected to the two sections of the sub-
station via switchable auxiliary lines (reconfiguration lines). A 
grid component can only be connected to one bus-bar section at 
any time.

4. 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. Aux-
iliary 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.

Substation reconfiguration is the action of assigning grid compo-
nents (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. The two actions can take place pre- and/or post-contingency. 
We denote pre-contingency switching actions as preventive switching, 
while post-contingency switching is denoted as corrective. In this work 
we assume that substation reconfiguration is done preventively, while 
bus-bar splitting is exercised as a corrective action. Thus, the network 
topology is effectively unchanged in pre-contingency state as without 
splitting (switching off the bus-bar coupler) the substation is effectively 
one electrical node. This assumption aligns with the industry practices, 
where TSOs tend to operate the transmission grid with all the available 
redundancies and only perform switching actions upon contingencies 
or seasonally; in both cases switching actions are based on experience 
rather than a systematic optimal calculation.

In this work, we consider linear physics of the grid based on the 
DCOPF approximation. We formulate the problem as security con-
strained optimal power flow problem (SCOPF). Substation reconfigu-
ration constraints can be written as: 

{

𝑧𝑟𝑙𝑘 ∈ {0, 1}, ∀𝑙 ∈ 𝑟 (1a)

∑

𝑙∈𝑟𝑖

𝑧𝑟𝑙𝑘 = 1, ∀𝑖 ∈  𝑎𝑢𝑥 (1b)

|𝛿𝑓𝑙𝑘 − 𝛿𝑡𝑙𝑘| ≤ (1 − 𝑧𝑟𝑙𝑘)𝑀
𝛿
𝑙 , ∀𝑙 ∈ 𝑟 (1c)

|𝑃𝑙𝑘| ≤ 𝑧𝑟𝑙𝑘𝑀

𝑙 , ∀𝑙 ∈ 𝑟

}

, ∀𝑘 ∈  (1d)

𝑧𝑟𝑙𝑘 = 𝑧𝑟𝑙0, ∀𝑙 ∈ 𝑟 ∀𝑘 ∈  ⧵ {0} (1e)

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 
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Fig. 2. Example of augmented network representation of a substation (enclosed by a 
dashed rectangle).  switched on auxiliary line  switched off auxiliary line  
auxiliary bus.

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 . Finally, constraint (1e) enforces that all substation configurations 
post-contingency are the same as pre-contingency, which means that 
substation reconfiguration is done preventively.

Bus-bar splitting constraints are: 
{

𝑧𝑐𝑙𝑘 ∈ {0, 1}, ∀𝑙 ∈ 𝑐 (2a)

|𝛿𝑓𝑙𝑘 − 𝛿𝑡𝑙𝑘| ≤ (1 − 𝑧𝑐𝑙𝑘)𝑀
𝛿
𝑙 , ∀𝑙 ∈ 𝑐 (2b)

|𝑃𝑙𝑘| ≤ 𝑧𝑐𝑙𝑘𝑀

𝑙 , ∀𝑙 ∈ 𝑐

}

, ∀𝑘 ∈  (2c)

𝑧𝑐𝑙0 = 1, ∀𝑙 ∈ 𝑐 (2d)

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. Constraint (2c) models the 
capacity of bus-bar couplers. Whereas constraint (2d) enforces all bus-
bar couplers to be switched on in pre-contingency state (𝑘 = 0) so that 
splitting is only allowed as a corrective action.

2.2. DC grid model

We adopt a linear lossless model for the DC grid. The power flow 
equations become a network flow and can be written as: 
{

∑

∀𝑐∈𝑖

𝑃𝐷𝐶
𝑐𝑘 =

∑

∀𝑙∈𝐷𝐶
|𝑓𝑙=𝑖

𝑃𝑙𝑘 −
∑

∀𝑙∈𝐷𝐶
|𝑡𝑙=𝑖

𝑃𝑙𝑘,

∀𝑖 ∈ 𝐷𝐶 (3a)

𝑃 𝑓𝑟
𝑙𝑘 + 𝑃 𝑡𝑜

𝑙𝑘 = 0, ∀𝑙 ∈ 𝐷𝐶 (3b)

|𝑃𝑙𝑘| ≤ 𝑃𝑙 , ∀𝑙 ∈ 𝐷𝐶 (3c)

𝑃𝐴𝐶
𝑐𝑘 + 𝑃𝐷𝐶

𝑐𝑘 = 0, ∀𝑐 ∈  (3d)

Fig. 3. Modular converter substation in augmented network representation exhibiting 
soft bus-bar splitting.  switched on auxiliary line  switched off auxiliary line  
auxiliary bus  Connections to the rest of the grid.

|𝑃𝐴𝐶
𝑐𝑘 |, |𝑃𝐷𝐶

𝑐𝑘 | ≤ 𝑎𝑐𝑜𝑛𝑣𝑐𝑘 𝑃𝑐 , ∀𝑐 ∈ 

}

, ∀𝑘 ∈  (3e)

where constraint (3a) enforces the nodal power balance on all DC 
nodes. Constraint (3b) models the network flow in the lossless HVDC 
branches, while constraint (3c) models the capacity of the HVDC 
branches. Constraint (3d) models the lossless power flow across the 
terminals of converter 𝑐, where the power injected into the AC grid 
has to be withdrawn from the DC grid and vice versa. Constraint (3e) 
enforces the converter capacity where 𝑎𝑐𝑜𝑛𝑣𝑐𝑘  is the contingency mapping 
of the converter.

2.3. Soft bus-bar splitting

In Fig.  3, a modular converter substation is shown, assuming that 
it consists of two converter modules. From the AC side, the converter 
modules can be independently connected to any of the two bus-bar 
sections of the AC substation. In Fig.  3 (and in the forthcoming sections) 
we assume these may share a common DC bus, although this need 
not be the case. Had this converter substation not been modular, 
there would have been only a single converter module, which can be 
connected to either of the bus-bar sections (i.e. the two bus-bar sections 
are isolated upon splitting). This modularity gives rise to what we 
call ‘‘soft bus-bar splitting’’. As opposed to regular bus-bar splitting, 
power can now flow indirectly between the two sections in the soft 
bus-bar splitting setting as the two sections are now connected through 
a controllable interface (i.e., AC/DC converter modules). In the general 
case, there can be more than two modules as described in [36], where 
each module can be connected to one bus-bar section. However, in this 
work we restrict our studies to only two modules.

In the planning/design phase of such a modular converter substa-
tion, it is reasonable (from a reliability perspective) to allocate equal 
capacities for all of the constituent modules (in case of two modules, 
then each module would be 50% of the total capacity). During opera-
tion, which is the focus of this work, each module can be connected to 
one bus-bar section, and a converter contingency would mean losing a 
single converter module. In case of a bipolar HVDC system, the cables 
can be operated in an unbalanced fashion. This unbalanced operation 
can be controlled such that the negative and the positive converters are 
connected to different bus-bar sections, achieving soft bus-bar splitting. 
To explore the full potential of soft bus-bar splitting, we assume a 
relaxed version of the converter substation architecture such that: the 
two converter modules considered are fixed to separate bus-bar sections 
on the AC side, and the capacity of each module can be continuously 
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allocated from 0% to 100%. The constraints of the relaxed modular 
converter substations are: 

{

0 ≤ 𝛾𝑝𝑘 ≤ 1, ∀𝑝 ∈  (4a)

|𝑃𝐴𝐶
𝑐𝑘 |, |𝑃𝐷𝐶

𝑐𝑘 | ≤ 𝑎𝑐𝑜𝑛𝑣𝑝𝑘 𝛾𝑝𝑘𝑃𝑐 , ∀𝑝 ∈  ∋ 𝑐 = 𝑚𝑝
1 (4b)

|𝑃𝐴𝐶
𝑐𝑘 |, |𝑃𝐷𝐶

𝑐𝑘 | ≤ 𝑎𝑐𝑜𝑛𝑣𝑝𝑘 (1 − 𝛾𝑝𝑘)𝑃𝑐 ,

∀𝑝 ∈  ∋ 𝑐 = 𝑚𝑝
2

}

, ∀𝑘 ∈  (4c)

where 𝑝 is the index of the modular converter substation. Constraint 
(4a) enforces the module allocated capacity to be between 0 and 1, 
which means that if module 1 of converter substation 𝑝 has 70% of 
the substation capacity, then module 2 will have 30%. Constraint (4b) 
enforces the power rating of both the AC and the DC sides of module 
1 of the converter pair 𝑝, while (4c) is for module 2. 𝑎𝑐𝑜𝑛𝑣𝑝𝑘  is the 
contingency mapping of the modular converter substation.

Finally, as post-contingency converter redispatch can have a cost 
associated with it, we add the following constraint to keep track of 
converter power redispatch.

𝛥𝑃𝐷𝐶
𝑐𝑘 ≥ |𝑃𝐷𝐶

𝑐𝑘 − 𝑃𝐷𝐶
𝑐0 | ∀𝑐 ∈ , ∀𝑘 ∈  ⧵ {0} (5a)

2.4. MILP formulation

Model (1) is a mixed-integer linear program (MILP) formulation for 
security constrained OPF with network topology reconfiguration for 
hybrid AC/DC grids, where (6a) is the total cost of operation including 
the cost of corrective actions (i.e., load shedding, curtailment, and 
converter redispatch). Constraints (6b) enforce the generators capacity 
limits. Constraint (6c) enforces nodal balance in AC nodes. Constraint 
(6d) is the power flow physics constraint across an AC transmission 
line based on the DC approximation, while (6e) enforces the AC trans-
mission line capacities. Constraint (6f) enforces that the load shedding 
cost (𝛤 ) is at least equal to the worst contingency load shedding, while 
constraint (6g) limits the load shedding to be at most equal to the 
demand. Constraint (6i) ensures that no load shedding is taking place 
pre-contingency.

Model 1. SCOPF-NTR

min
𝜹,𝑷 ,𝒛𝒓 ,𝒛𝒄 ,𝑳𝑺,𝛤

∑

𝑔∈
𝐶𝑔𝑃𝑔 + 𝛤 (6a)

s.t.:
{

𝑃𝑚𝑖𝑛
𝑔 ≤ 𝑃𝑔 ≤ 𝑃𝑚𝑎𝑥

𝑔 , ∀𝑔 ∈  (6b)

∑

∀𝑔∈𝑖

(𝑃𝑔 − 𝑃 𝑐𝑢𝑟𝑡
𝑔𝑘 ) +

∑

𝑐∈𝑖

𝑃𝐴𝐶
𝑐𝑘 −

∑

∀𝑑∈𝑖

(𝑃𝑑

− 𝑃𝐿𝑆
𝑑𝑘 ) =

∑

∀𝑙∈|𝑓𝑙=𝑖
𝑃𝑙𝑘 −

∑

∀𝑙∈|𝑡𝑙=𝑖
𝑃𝑙𝑘, ∀𝑖 ∈  (6c)

𝑃𝑙𝑘 = 𝑎𝑙𝑘𝐵𝑙(𝛿𝑓𝑙𝑘 − 𝛿𝑡𝑙𝑘), ∀𝑙 ∈  (6d)

− 𝑎𝑙𝑘𝑃 𝑙 ≤ 𝑃𝑙𝑘 ≤ 𝑎𝑙𝑘𝑃 𝑙 , ∀𝑙 ∈  (6e)

𝛤 ≥
∑

𝑑∈
𝐶𝐿𝑆𝑃𝐿𝑆

𝑑𝑘 +
∑

𝑔∈
𝐶𝑐𝑢𝑟𝑡𝑃 𝑐𝑢𝑟𝑡

𝑔𝑘 +
∑

𝑐∈
𝐶𝑐𝑜𝑛𝑣𝛥𝑃𝐷𝐶

𝑐𝑘 (6f)

0 ≤ 𝑃𝐿𝑆
𝑑𝑘 ≤ 𝑃𝑑 , ∀𝑑 ∈  (6g)

0 ≤ 𝑃 𝑐𝑢𝑟𝑡
𝑔𝑘 ≤ 𝑃𝑔 , ∀𝑔 ∈  (6h)

𝑃𝐿𝑆
𝑑0 = 0, ∀𝑑 ∈ 

}

, ∀𝑘 ∈  (6i)

(1), (2), (3), (4), (5) (6j)

2.5. Decomposition to address complexity

To address computational complexity associated with the large 
number of monitored contingencies in N-1 SCOPF, we develop a decom-
position algorithm based on column-and-constraint generation (C&CG) 
method. In the 𝑖th iteration of the C&CG algorithm, we encounter 
the master problem, denoted as 𝐌𝐏, as described in model 2. 𝐌𝐏 is a 
simplified form of Model 1 that considers only subset (𝑖) contingencies 
from the full set . Generally, the size of (𝑖) is much smaller than that 
of  (i.e., |(𝑖)

| ≪ ||).

Model 2. 𝐌𝐏((𝑖)): Master problem of SCOPF-NTR

𝐿𝐵(𝑖) = min
𝜹,𝑷 ,𝒛𝒓 ,𝒛𝒄 ,𝑳𝑺,𝛤

∑

𝑔∈
𝐶𝑔𝑃𝑔 + 𝛤 (7a)

s.t.: 
{

(6b) to (6j)
}

, ∀𝑘 ∈ (𝑖)

The subproblem, denoted as 𝐒𝐏 and defined in model 3, treats 𝑷 𝒈 and 
𝒛𝒓 as constant values. The purpose of this subproblem is to identify the 
most critical contingency state, denoted as 𝑘, for the input values given 
of 𝑷 𝒈 and 𝒛𝒓. Consequently, 𝐒𝐏 identifies contingency states that would 
render the solution found in the previous iteration (i.e., the values 
of 𝑷 𝒈 and 𝒛𝒓) suboptimal or infeasible. Therefore, such contingency 
states must be taken into account when formulating the 𝐌𝐏. The 𝐒𝐏
is formulated as a max–min problem. Furthermore, the inner problem, 
given by Eqs. (8b)–(8c), is a Mixed-Integer Linear Program (MILP) that 
models post-contingency actions related to bus-bar splitting and load 
shedding. Solving the max–min problem is challenging because the 
standard inner-dualization technique cannot be applied to this type of 
problems, as noted in [34].

However, the inner problem, represented by Eqs. (8b)–(8c), can be 
independently solved for each contingency state. In our approach, we 
leverage parallel computation to solve the inner problem efficiently. 
Consequently, we calculate 𝜙𝑘, the total imbalance and dispatch costs 
for each contingency state simultaneously using relatively small MILP 
problems defined in Eqs. (8b)–(8c). As a result, we solve the maxi-
mization problem defined in Eq. (8a) by evaluating the values of 𝜙𝑘. 
Note that in Eq. (8a) we only consider contingencies that have not been 
added to the master problem.

Model 3. 𝐒𝐏(𝒛𝑟,(𝑖),𝑷𝒈
(𝑖)): Subproblem of SCOPF-NTR

𝑈𝐵(𝑗) = max
𝑘∈⧵(𝑖)

𝜙𝑘 (8a)

𝜙𝑘 =
∑

𝐶𝑔𝑷𝒈
(𝑖)+ (8b)

min
𝜹,𝑷 ,𝒛𝒄 ,𝑳𝑺

∑

𝑑∈
𝐶𝐿𝑆𝑃𝐿𝑆

𝑑𝑘 +
∑

𝑔∈
𝐶𝑐𝑢𝑟𝑡𝑃 𝑐𝑢𝑟𝑡

𝑔𝑘

+
∑

𝑐∈
𝐶𝑐𝑜𝑛𝑣𝛥𝑃𝐷𝐶

𝑐

s.t.: (6b) to (6j) excluding (6f) and only
for contingency 𝑘 (8c)

The full C&CG algorithm is shown below, where 𝑘 = 0 represents 
the pre-contingency state (normal state), and 𝜖 the tolerance gap for 
stopping the C&CG iterations fixed to 0.1% in our experiments.

3. Case study

We test our proposed methodology on slightly modified versions of 
IEEE 5, 24, 39, and 67 bus AC/DC benchmark systems that are based 
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Algorithm 1 C&CG Algorithm
𝑖 ← 1, (𝑖) ← {0}, 𝜖 ← 0.001
𝐿𝐵(𝑖) ← −∞ , 𝑈𝐵(𝑖) ← ∞
while 𝑈𝐵(𝑖)−𝐿𝐵(𝑖)

𝑈𝐵(𝑖) ≥ 𝜖 do
 𝐿𝐵(𝑖+1), 𝒛𝑟,𝑷𝒈 ← solve 𝐌𝐏((𝑖))
 parfor 𝑘 ∈  ⧵(𝑖) do
 𝜙𝑘 ← solve inner 𝐒𝐏(𝒛𝑟,𝑷𝒈)
 end parfor
 𝑈𝐵(𝑖+1) ← max𝑘∈⧵(𝑖) 𝜙𝑘
 (𝑖+1) ← (𝑖) ∪ argmax𝑘∈⧵(𝑖) 𝜙𝑘
 𝑖 ← 𝑖 + 1
end while

Table 1
Generator data for the 5-bus 2-grid system.
 Generator bus 𝑃𝑚𝑎𝑥 (MW) 𝑃𝑚𝑖𝑛 (MW) 𝐶𝑔 ($/MW) 
 ac 1 250 10 2  
 ac 2 300 10 3  
 ac 6 50 10 1  
 ac 7 100 10 0.5  

on PowerModelsACDC.jl [9,11]. Modifications were made to reflect 
system operation under congestion. Modifications made are generally 
factors multiplied by generator capacities, demand values, and AC 
transmission lines thermal capacity limits. For the 5-bus 2-grid system 
we also modify generator costs and capacities as per Table  1 to have 
asymmetry between the two grids and simulate a net-importing/net-
exporting situation, we discuss this in details later. The loading levels 
range from 75% to 120% of the original nominal loading values with 
increments of 5%. For the rest of the cases marginal costs of generators 
and capacities were made a bit more diverse since the original data 
showed no differentiation between different generators. These systems 
(24, 39, and 67-bus) were tested in nominal and stressed loading 
conditions. Nominal refers to original demand values and original 
transmission capacity limits, and stressed refers to 120% of the demand 
values and 90% of transmission capacity limits. In all cases generator 
capacities were multiplied by 130%.

Gurobi (9.0.3) [37] was used as the optimization solver in Julia 
language [38]. We assume the following values for model parameters: 
𝐶𝐿𝑆 : 1000 $/MW to penalize load shedding as much as possible, 𝐶𝑐𝑢𝑟𝑡: 
0 $/MW as curtailment cost is already priced in load shedding cost 
(because no curtailment occurs without load shedding and vice versa), 
and 𝐶𝑐𝑜𝑛𝑣: 1 $/MW to incentivize the solver to find topological actions 
first before resorting to changing converter setpoints. In practice, this 
change of the setpoint at one end of a DC link will require a change at 
the other end of the DC link, too, which could involve a cost.

There are several possible combinations of preventive and correc-
tive actions that can be implemented to address system contingencies. 
We classify our experiments into five categories:

1. SCOPF (Security-Constrained Optimal Power Flow): This
baseline considers only preventive actions, including generator 
dispatch and converter set-point adjustments pre-contingency. 
No topology reconfiguration or converter redispatch is permit-
ted.

2. NTR (Network Topology Reconfiguration): This method per-
mits corrective bus-bar splitting and preventive substation recon-
figuration. However, converter redispatch is not allowed.

3. DCC (Dynamic Converter Control): The only corrective action 
available under this method is converter redispatch, allowing 
real-time adjustments to converter outputs during contingencies.

4. NTRDCC-n (Non-Modular NTR and DCC): This combines NTR 
and DCC, allowing both corrective bus-bar splitting and con-
verter redispatch. However, converter modularization is not al-
lowed. This means that when a converter substation is split, the 

entire converter must be assigned to one of the bus-bar sections 
without dynamic capacity allocation.

5. NTRDCC-c (Modular NTR and DCC): This is the proposed soft 
bus-bar splitting approach. NTR with soft bus-bar splitting and 
DCC are allowed. Similar to NTRDCC-n, this method allows both 
NTR and DCC but introduces modular converter continuous ca-
pacity allocation. Upon splitting, the converter can dynamically 
allocate its capacity to both bus-bar sections simultaneously. 
Additionally, converter contingencies are also modular, ensuring 
that only individual modules are affected during a contingency, 
rather than the entire bulk converter substation.

3.1. Demonstrative example

The 5-bus 2-grid system shown in Fig.  4 is an example of how 
modern day HVDC technology looks like. This system depicts the 
popular point-to-point HVDC connections between different zones such 
as the existing connections between the UK and Norway. We study this 
system under a monotonically increasing loading level. The aim of this 
case study is to show case the potential benefits of soft bus-bar splitting.

Fig.  5 presents the operating costs for the 5-bus 2-grid system 
across the five experimental categories described earlier. Leveraging 
the two corrective measures: topological actions and dynamic converter 
set-point adjustments, together consistently achieves lower operating 
costs compared to relying on either measure individually. Moreover, at 
higher loading levels, the two measures are necessary to even achieve a 
feasible system operation. This highlights the complementary nature of 
these operational flexibility measures, where their combined use effec-
tively enhances system efficiency under contingencies. The highlighted 
trend in the figure also presents evidence of the benefits of soft bus-
bar splitting denoted as NTRDCC-c, as it achieves a 34% less operating 
cost compared to other corrective measures even in low loading levels 
where congestion is not imminent yet. This cost reduction is due to 
the modular property of converters in addition to the ability to achieve 
asymmetrical operation and dynamically reroute power flows between 
the two sections of the converter substation. Another highlighted trend 
is the breakdown of costs, where we can see at nominal operation 
NTRDCC-c exhibits zero security costs.

Fig.  6 shows the percentage of load shedding at each loading level 
for the 5-bus 2-grid system. As shown in the figure, point 𝑎 (circled) 
highlights the last feasible loading level for SCOPF and DCC, both 
exhibiting the same amount of load shedding. Point 𝑏 shows the highest 
feasible loading level for NTR. Also, when seen in light of the full 
profile of NTR, point 𝑏 shows that above some loading level (115% 
in that case), post-contingency load shedding cannot result in a secure 
operation; this can be inferred from the slope of NTR right before point 
𝑏, where the rate of load shedding is much smaller than the subsequent 
rate of load shedding between 105% to 110% loading. The significant 
change of load shedding values for NTR between loading levels 105% 
and 110% indicates a change of regime (i.e., new binding constraints) 
in the OPF solution. This change in regime suggests that the system is 
too stressed to handle the increase in the loading level. This stressed 
state of the system leads the solver to only find feasible solutions by 
increasing load shedding. The study demonstrates that the combination 
of topology reconfiguration and dynamic converter control leads to less 
load shedding than any of the measures individually.

Fig.  7 shows the maximum amount of post-contingency converter 
redispatch needed at each loading level. While for SCOPF and NTR 
post-contingency converter redispatch is always zero by definition, for 
NTRDCC-c (soft bus-bar splitting) converter redispatch was not needed 
to achieve optimal operation. NTRDCC-c poses no converter redispatch 
needs as for this test case, the worst contingency is always a converter 
contingency. NTRDCC-c eliminates the effect of converter contingencies 
by virtue of modular converter architecture, where if a module fails, 
the power can still be transmitted through the other module (i.e., we 
assume no single point of failure). The key insight here is that the 
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Fig. 4. 5-bus 2-grid case study.

Fig. 5. Operating costs at different loading levels for the 5-bus 2-grid system.  SCOPF  DCC  NTR  NTRDCC-n  NTRDCC-c.

Fig. 6. Load shedding for the 5-bus 2-grid system at different loading levels.  SCOPF  DCC  NTR  NTRDCC-n  NTRDCC-c.
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Fig. 7. Converter redispatch needs for the 5-bus 2-grid system.  DCC  NTRDCC-n  NTRDCC-c.

utilization of both NTR and DCC simultaneously leads to less converter 
redispatch needs. This insight is particularly important as this case 
study could be thought of as two independent grids connected via a 
back-to-back converter-based link. The security of the power-importing 
grid depends on whether the operator on other end of the HVDC link 
is capable/willing to change the converter set-points (i.e, redispatch 
converters), but introducing soft bus-bar splitting leads to less need for 
that redispatch of converters.

3.2. Impact assessment on larger systems

This case study investigates the impact of the five experimental cate-
gories/methods on systems larger than the 5-bus 2-grid system used for 
demonstration (i.e., 24, 39, and 67-bus systems). We assess the impact 
of each method based on three criteria: economic costs, security, and 
converter redispatch needs. We also show the computational time taken 
for the CCG decomposition to solve the resulting MILP models of the 
case studies. Fig.  8 is an exhibition of the results for the aforementioned 
systems.

3.2.1. Economic costs
Fig.  8(a) to 8(c) present the normalized operating costs for the 

24, 39, and 67-bus systems respectively. All costs are normalized 
with respect to SCOPF baseline cost. The key trend again is that 
the combination of both network topology reconfiguration and post-
contingency converter redispatch yields the lowest operating costs. In 
the 24 and 39-bus systems the introduction of NTR alone results in 
similar operating costs compared to the NTRDCC variants. However, 
for the 67-bus system this is not the case. Fig.  8(c) shows that DCC 
resulted in a lower operating cost compared to NTR under nominal 
operating conditions, while in stressed conditions, NTR and SCOPF 
were infeasible (hence costs are normalized with respect to DCC). The 
normalized cost associated with the proposed soft bus-bar splitting is 
the lowest. These observations demonstrate the superiority of NTRDCC 
approaches in maximizing the grid utilization.

3.2.2. Security
Security of operation, quantified by percentage of load shedding 

(out of the total load) at the worst contingency, is also enhanced 
through the application of NTRDCC variants as shown in Fig.  8(d) 

to 8(f). Figs.  8(d) and 8(e) show that corrective topological actions 
can improve operational security. Fig.  8(f) demonstrate the significant 
security enhancement provided by the introduced soft bus-bar splitting 
(NTRDCC-c), where the need for load shedding post-contingency is 
eliminated.

3.2.3. Converter redispatch
Similarly with post-contingency converter redispatch shown in

Fig.  8(g) to 8(i), less power is rerouted through the converters when 
NTR is used. We note that, for the 39-bus system, the post-contingency 
converter redispatch at the worst contingency for DCC decreases in the 
stressed operating conditions as shown in Fig.  8(h), as opposed to what 
happens for the 24 and 67-bus systems shown in Fig.  8(g), and 8(i). This 
highlights that at different operating conditions the worst contingency 
change, as a result, the optimal corrective actions will change (i.e., in 
this case we observe that load shedding increases to accommodate 
for the worst contingency when the system operates under stressed 
operating conditions). These observations evidently show that less 
converter redispatch is needed when NTRDCC variants are used.

3.2.4. Computational time
Fig.  9 shows the computational time taken to solve each of the 24, 

39, and 67-bus systems under stressed operating conditions using the 
CCG algorithm. Solving the same problems without decomposition for 
the 3 systems did not produce acceptable solutions (MIPGap > 7% on 
average) within 60 min of solving, thus, simulations were terminated. 
It is worth noting that the stressed 39-bus system takes more time 
than the 67-bus system, which suggests that the complexity of the 
problem is not only subject to the size of the system, but also to the 
grid connectivity and the location of the congestion that is addressed 
by switching maneuvers. For example, a substation that injects power 
into the grid and has six transmission lines connected, one of which 
is congested, may be easier to solve than a substation with only four 
transmission lines, as there are more options to reroute the power flows. 
However, such relationships become increasingly complex to reason 
when switchable substations are a few nodes away from congested 
lines.
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Fig. 8. Comparison of the proposed method across three categories (rows: Normalized Cost, Load Shedding, and Converter Redispatch) and three cases (columns: 24-bus, 39-bus, 
and 67-bus systems).  SCOPF  DCC  NTR  NTRDCC-n  NTRDCC-c.

Fig. 9. Computational time for stressed operating conditions.  NTR  NTRDCC-n  NTRDCC-c.
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4. Discussion

This paper demonstrates that the proposed method of combining 
corrective post-contingency converter redispatch and soft bus-bar split-
ting significantly reduces the operating costs and improves system 
security. These improvements are direct results of the extra operational 
flexibility granted by the utilization of the extra degrees of freedom of 
network topology reconfiguration. Even without soft bus-bar splitting, 
we observe considerable improvements in operating costs and security 
with the combination of post-contingency converter control (DCC) and 
network topology reconfiguration (NTR).

The authors are not previously aware of a proposed HVDC converter 
architecture that operates in the way proposed with soft bus-bar split-
ting (with continuous capacity allocation to modules). Future works 
should therefore consider the control and cost implications of the use 
of converters in this modular fashion (as compared to construction 
via a single monolithic converter). Nevertheless, there are other ways 
that controllable HVDC links might be operated in a similar way, 
albeit without a shared DC link. When HVDC systems are operated 
in a bipolar fashion with appropriate current return path, it can be 
possible to operate the cable in an unbalanced sense, i.e., positive and 
negative AC/DC converters of the link transferring different amounts of 
power [39,40]. In such a system, the positive and negative converters 
could then be connected to different AC buses. Alternatively, if there 
are multiple wind farms or HVDC links whose own individual HVDC 
converter stations interface with the transmission system at the same 
substation, these could each be independently controlled on each bus.

5. Conclusion

We conclude that applying NTR through substation reconfiguration 
and bus-bar splitting in hybrid AC/DC grids reduces the operating cost 
significantly as compared to both preventive SCOPF and SCOPF with 
only corrective converter redispatch. Furthermore, the benefits of mod-
ular architectures of converter substations can be fully exploited with 
soft bus-bar splitting since the converter modules can inject/absorb 
power to/from two electrical nodes instead of only one, which means 
additional degrees of freedom for rerouting the power flows. We also 
conclude that a modular converter substation will result in less need 
for post-contingency converter redispatch. Finally, the incorporation 
of corrective topological actions along side with converter redispatch 
show great potential for maximizing grid capacity utilization.

Future work is needed on modeling the physics of both AC and DC 
grids more accurately using the actual non-linear models or a convex 
relaxation. In this paper, we only assumed topological actions in the 
AC side, however, this could also be extended to the DC grid. Although 
power flow is highly controllable in the DC side, yet in a meshed DC 
grid topology reconfiguration can introduce even more flexibility.
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