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ABSTRACT  

The reconfiguration of electrical distribution systems seeks to minimize power losses by altering network topology through switch oper-

ations. This problem, often formulated as a mixed-integer nonlinear program (MINLP), requires significant computational effort and 

specialized radiality constraints. This paper analyzes and compares the computational performance of different radiality constraint 

formulations from the literature, tested under consistent setups on networks of 14, 33, 84, 136, and 417 buses. Results show notable 

efficiency differences among formulations, offering practical insights for optimizing reconfiguration strategies. 
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RESUMEN 

La reconfiguración de los sistemas de distribución eléctrica busca minimizar las pérdidas mediante la operación de interruptores que 

modifican la topología de la red. Este problema, modelado como un programa no lineal mixto entero (MINLP), demanda altos recur-

sos computacionales y restricciones de radialidad especializadas. Este trabajo compara el desempeño de distintas formulaciones de 

dichas restricciones, evaluadas bajo condiciones consistentes en sistemas de 14, 33, 84, 136 y 417 nodos. Los resultados muestran 

diferencias relevantes en eficiencia, aportando criterios útiles para optimizar la reconfiguración en redes reales. 

Palabras clave: sistemas de distribución eléctrica; programación no lineal entera mixta; reconfiguración. 
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Introduction 

The complexity of electrical distribution systems is continually 

evolving, driven by rising costs and increasing energy demand. 

These changes often lead to a decline in the quality of power sup-

plied to consumers, making efficient operation crucial [1]. In this 

context, the Electrical Power Distribution System Reconfiguration 

(RDS) strategy has emerged as an effective method for optimizing 

system performance and reducing operational costs [2]. RDS is 

particularly attractive due to its low implementation costs, as it 

leverages existing network resources to achieve significant tech-

nical and economic benefits [2]. 

RDS involves modifying the topology of a distribution network to 

optimize operation, most often by minimizing active power losses. 

This is achieved by opening or closing sectional switches, manually 

or remotely, to maintain a radial structure [3]. A radial topology, 

tree-like with each bus supplied by one predecessor, enables fault 

isolation, maintenance, and efficient operation. Though networks 
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are usually built meshed, operators must enforce radiality to re-

duce losses. 

RDS is a combinatorial optimization problem where switch states 

are modeled as binary variables. Its complexity grows with the 

network size, usually defined by the number of switches. Solutions 

in the literature span from mathematical programming to artificial 

intelligence; for a comprehensive review of techniques for EPSDR, 

see [3]. 

Mathematical programming provides a direct way to solve nonlin-

ear optimization problems but struggles with large combinatorial 

searches, making it costly and sometimes impractical for real RDS 

[4]. A key difficulty has been defining radiality conditions. Merlin 

et al. [5] first addressed this in 1974, requiring active branches to 

equal buses minus one. However, their simplified assumptions 

(purely resistive branches, DC) motivated further research in later 

decades. 
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Twenty years later, [6], modeled RDS as a minimum-cost flow 

problem, including current but not voltage constraints, and enforc-

ing radiality by equating active branches to buses minus one. A 

decade later, [7] proposed a mixed-integer linear program using 

piecewise linear functions to approximate quadratic flows. Radial-

ity was guaranteed by defining unique active paths from each bus 

to the substation. This approach optimized 32 and 69-bus systems, 

though losses were underestimated due to linearization. 

An improvement in the radial topology conditions was achieved in 

2012 by Jabr et al. [8]. This work developed a mixed-integer conic 

programming (MICP) formulation for RDS. To ensure the radial 

topology of the network, the study introduced the so-called span-

ning tree constraints for the first time. These constraints are based 
on the observation that every bus in the distribution network, ex-

cept for the substation, must have exactly one parent (i.e., a feeder 

bus). This condition was represented by introducing two addi-

tional binary variables for each circuit branch. The proposed 

model was tested on a distribution network with 830 buses, and 

it was found that the MICP formulation can find a feasible solution 

more quickly compared to a mixed-integer linear programming 

(MILP) formulation. However, no study has been conducted to 

elucidate the advantages of using spanning tree constraints versus 

other radiality conditions in terms of computational resources. 

To characterize radial topology constraints, in parallel with [8], 

[9], a generalization of the radiality conditions developed by Merlin 

was introduced by Lavorato et al. [10]. This work by Lavorato et 
al. performed a critical analysis and the proposal for incorporating 

the radiality constraints in mathematical models. To address trans-

fer buses (buses with zero generation or demand), an additional 

binary variable was introduced to represent the utilization of the 

transfer buses. Seeking alternative radiality conditions that would 

work for the general case where the network has transfer buses, 

Jabr [11] formulated in 2013 the so-called Single Commodity Flow 

constraints. This set of constraints are based on assuming unitary 

fictitious demands of a certain commodity at each of the network 

buses that could be supplied by the substations. The so-called 

multi-commodity flow constraints is an extension of this technique 

[11], which uses fictitious demand and supplies of different com-

modities for each bus.  However, the main weakness of this work 

was the assessment carried out only for small and medium test 

systems (23, 54, and 136 buses). 

An improvement to the radiality conditions generalized by Lavor-

ato [10] was introduced by Franco et al. [9] in 2013. They demon-

strated that using two binary variables to represent the state of a 

switch, instead of a single variable, significantly enhanced the com-

putational efficiency of the off-the-shelf software (CPLEX) used to 

solve the optimization problem. Nonetheless, this new formula-

tion of the radiality conditions was not compared to either the 

spanning tree constraints or the commodity flow constraints.  

By combining approaches used in [11], a novel set of radiality con-

straints was created by mixing single commodity flow with span-

ning tree constraints [12] in 2020; it was tested on distribution 

networks comprising 32, 84, 135, and 201 buses. The computation 
time was compared between this new set of constraints and the 

traditional single commodity flow constraints. The study con-

cluded that the proposed set of constraints was more efficient 

than the single commodity flow constraints previously proposed 

by Jabr [11]. Nevertheless, the study did not evaluate the efficiency 

of the proposed constraints against multi-commodity flow con-

straints or standalone spanning tree constraints. 

Four years later, a simplified form of the spanning tree constraints 

was proposed by [13] utilizing only two binary variables instead of 

the three used in the original formulation by Jabr. This new for-

mulation was compared to the radiality constraints proposed by 

Lavorato [10] and Franco [9] using test systems with 14, 33, 84, 

136, and 416 buses. The study concluded that the spanning tree 

constraints were more efficient than the other two formulations. 

Nonetheless, the study did not include a comparison against single 

or multi-commodity flow constraints. 

Although many radiality formulations have been proposed, no 

comparative study has assessed their computational burden. This 

paper addresses that gap by experimentally evaluating several con-

straint sets implemented in Gurobi and tested on benchmark sys-

tems of 14, 33, 136, and 417 buses. 

The paper is structured as follows: Section 2 introduces the math-

ematical model and auxiliary constraints; Section 3 describes the 

methodology and results; and Section 4 presents the conclusions. 

Mathematical model for the RDS problem 

In this section, the optimization model originally proposed by [14] 

for RDS is presented. Subsequently, the different formulations of 

radiality conditions considered in this study are introduced, along 

with some proposed improvements, which will also be evaluated 

in the results section. 

Optimization model for the RDS 

In a basic and generalized way, the optimization model for the RDS 

problem is formulated as a mixed-integer nonlinear programming 

(MINLP) problem, as specified in [9].  

min ∑ 𝑅𝑘,𝑖 ⋅ 𝐼𝑖,𝑗
𝑠𝑞𝑟

(𝑖,𝑗)𝜖Ω

 (1) 

∑ 𝑃𝑘,𝑖 +
(𝑘,𝑖)𝜖Ω

𝑃𝑖
𝑆 = 𝑃𝑖

𝐷 + ∑ (𝑃𝑖,𝑗 + 𝑅𝑖,𝑗 ⋅ 𝐼𝑖,𝑗
𝑠𝑞𝑟

) 
(𝑖,𝑗)𝜖Ω

∀ 𝑖 

∈ Ν 

(2) 

 

∑ 𝑄𝑘,𝑖 +
(𝑘,𝑖)𝜖Ω

𝑄𝑖
𝑆 = 𝑄𝑖

𝐷 + ∑ (𝑄𝑖,𝑗 + 𝑋𝑖,𝑗 ⋅ 𝐼𝑖,𝑗
𝑠𝑞𝑟

) 
(𝑖,𝑗)𝜖Ω

∀ 𝑖 

∈ Ν 

(3) 

 

𝑉𝑖
𝑠𝑞𝑟

− 2(𝑅𝑖,𝑗𝑃𝑖,𝑗 + 𝑋𝑖,𝑗𝑄𝑖,𝑗) − 𝑍𝑖,𝑗
2 𝐼𝑖,𝑗

𝑠𝑞𝑟

= 𝑉𝑖
𝑠𝑞𝑟

+ ∆𝑖,𝑗
𝑣   ∀  (𝑖, 𝑗) ∈ Ω 

(4) 

|∆𝑖,𝑗
𝑣 | ≤ 𝑏𝑣 ⋅ (1 − 𝑦𝑖,𝑗) ∀  (𝑖, 𝑗) ∈ Ω (5) 

 𝑉𝑗
𝑠𝑞𝑟

𝐼𝑖,𝑗
𝑠𝑞𝑟

≥ 𝑃𝑖,𝑗
2 + 𝑄𝑖,𝑗

2  ∀  (𝑖, 𝑗) ∈ Ω (6) 

 The model is designed to minimize the electrical losses in the sys-

tem due to the Joule effect, subject to a set of constraints that 

ensure the physical and operational integrity of the distribution 

network. The formulation is presented through equations (1)–

(10). The objective function, given by equation (1), aims to mini-

mize the total power losses across all branches of the distribution 

network. These losses are calculated as the sum of the products 

of the resistance 𝑅𝑘,𝑖 and the square of the current 𝐼𝑘,𝑖 flowing 

through each branch (𝑘, 𝑖) in the network. Equations (2) and (3) 

ensure the balance of active and reactive power at each bus 𝑖 
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within the network, holding Kirchhoff’s current law,. Here, 𝑃𝑖
𝑆 and 

𝑄𝑖
𝑆 represent the active and reactive power generation at bus i, 

respectively, while 𝑃𝑖
𝐷 and 𝑄𝑖

𝐷 denote the active and reactive 

power demands at bus i. The terms 𝑅𝑖,𝑗 and 𝑋𝑖,𝑗 are the resistance 

and inductive reactance of the branch between buses 𝑖 and 𝑗, re-

spectively. 

Equation (4) models the voltage drops between two buses 𝑖 and 

𝑘 connected by a conductor, incorporating both active and reac-

tive power transport and the associated losses, in which 𝑉𝑖 and 𝑉𝑘 

are the voltage levels at buses i and k, and 𝑍𝑘,𝑖 is the impedance of 

the branch (𝑘, 𝑖), respectively. The term ∆𝑘,𝑖
𝑣  represents the volt-

age slack through the branch. 

Constraint (5) imposes a constraint on the voltage difference be-

tween two buses not connected by a circuit branch, allowing it to 

vary based on the state of the binary variable 𝑦𝑘,𝑖 . Here, ∆𝑉𝑘,𝑖
𝑢𝑏 and 

∆𝑉𝑘,𝑖
𝑙𝑏 are the upper and lower bounds for the voltage slack across 

the branch. Finally, constraint (6) ensures that the current flowing 

through a branch is consistent with the corresponding active and 

reactive power flows, considering the voltage at the receiving bus. 

𝑉𝑖
𝑙𝑏 ≤ 𝑉𝑖 ≤ 𝑉𝑖

𝑢𝑏 ∀  𝑖 ∈ Ν (7) 

 𝐼𝑘,𝑖
𝑙𝑏 ≤ 𝐼𝑘,𝑖 ≤ 𝐼𝑘,𝑖

𝑢𝑏 ⋅ 𝑦𝑘𝑖  ∀  (𝑘, 𝑖) ∈ Ω (8) 

 Constraint (7) sets technical limits on the voltage values at the 

different buses within the distribution system. Constraint restricts 

the current flow to active circuit branches, ensuring that current 

can only flow through a branch if its associated switch is closed 

(i.e., active). Where 𝐼𝑘,𝑖
𝑙𝑏  and 𝐼𝑘,𝑖

𝑢𝑏 represent the lower and upper 

bounds on the current through branch (𝑘, 𝑖), respectively, and 𝑦𝑘,𝑖 

is a binary variable representing the state of the switch (1 if closed, 

0 if open). 

∑ 𝑦𝑖𝑗

(𝑖,𝑗)𝜖Ω

≤ |𝑁| − |𝑁𝑠| 

 

(9) 

𝑦𝑖𝑗  ∈ {0,1}  ∀  (𝑖, 𝑗)  ∈  Ω 

 

(10) 

 Traditionally, equations (9) and (10) enforce the radiality of the 

network joining with equations (2) and (3). Equation (9) limits the 

number of active branches to ensure that the network remains a 

tree structure. Wherein |𝑁| is the total number of buses, and |𝑁𝑠| 
is the number of substations in the network. Together, these con-

straints ensure that the RDS problem is solved within the frame-

work of a radial distribution network, minimizing power losses 

while maintaining operational. 

Radiality 

Radiality in power distribution systems is crucial for efficiency and 

safety. A radial network has a tree-like, loop-free structure with a 

single path between buses, which simplifies control, protection, 

and fault isolation, facilitating maintenance and fault management 

[15].  

The study of radiality is essential for ensuring the reliability and 

efficiency of RDS, a core optimization problem aimed at minimiz-

ing losses, balancing loads, improving voltage profiles, and main-

taining service continuity. Although distribution networks are de-

signed as meshed systems, they are operated radially to limit fault 

currents and enable effective overcurrent protection. Radiality 

thus guarantees proper operation of protective devices, safeguard-

ing both equipment and consumers. 

Moreover, radiality is a fundamental requirement in optimization 

tasks such as power flow, network restoration, fault management, 

and distributed generation integration. Enforcing radiality con-

straints prevents loops that hinder fault isolation, cause voltage 

instabilities, or overload protection devices [12].  

The reconfiguration problem is a central task in distribution sys-

tem optimization, aiming to adjust network topology through sec-

tionalizing switches to minimize losses or balance loads. It is a cost-

effective strategy for enhancing technical performance, as it im-

proves efficiency using existing infrastructure without major new 

investments. 

In graph theory, radiality implies that the network is a tree, mean-

ing it is a connected graph with no cycles. A network with |𝑁| 
buses must have ∣|𝑁| − 1 active edges (circuit branches) to main-

tain a tree structure. This condition prevents the formation of 

loops and ensures that every bus (except the substation) is con-

nected to exactly one other bus, ensuring that there is only one 

path between any two buses. Mathematically, this can be enforced 

through the following condition: 

∑ 𝑦𝑖𝑗

(𝑖,𝑗)𝜖Ω

≤ |𝑁| − 1 ( 11) 

where 𝑦𝑖𝑗 is a binary variable representing the status of the switch 

between buses i and j (1 if the switch is closed, allowing power 

flow, and 0 if it is open).  

The complexity of maintaining radiality while solving the reconfig-

uration problem lies in its combinatorial nature. For a distribution 

network with 𝜌 sectional switches, there are 2𝜌 possible configu-

rations. Although most of these configurations do not form valid 

radial networks, as show in [10], searching for the optimal config-

uration becomes computationally expensive, especially for large 

networks. 

One of the primary challenges is that there are necessary mathe-

matical conditions for ensuring radiality (such as the number of 

active circuit branches being equal to the number of buses minus 

one), but these conditions are not always sufficient. For example, 

even if the number of active switches matches the number of buses 

minus one, the resulting network could still contain loops or dis-
connected components. Therefore, more sophisticated mathe-

matical formulations are required to guarantee radiality and en-

sure that the solution respects the physical and operational con-

straints of the system. 

Traditionally, the distribution network has been modelled as ei-

ther a directed [9] or undirected graph [12]; a tree derived from 

this graph is obtained by opening or closing the sectional switches 

available in the circuit branches, ensuring that each bus is con-

nected to only one parent bus. The RDS aims to minimize active 

power losses in the distribution system, subject to Kirchhoff’s 

voltage and current laws, as well as voltage and current limits for 

buses and circuit branches, respectively, and radiality constraints 

[10]. The decision variables controlled by the distribution system 

operator are the binary states {0,1} of the sectional switches.   

The size of the optimization problem is directly related to the 

number of sectional switches installed in the distribution network; 

for a distribution network with 𝜌 sectional switches, the total 
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number of possible configurations will be 2𝜌 [9]. Most of these 

configurations will generate infeasible solutions, either because 

they do not form trees or because they violate electrical con-

straints. As observed, the presence of binary variables modeling 

the state of the sectional switches renders the RDS a combinato-

rial problem [16]. Additionally, the nonlinear nature of the electri-

cal network representation further complicates the solution pro-

cess. Consequently, mathematical programming approaches often 

face prohibitive computational times when addressing large distri-

bution systems. Therefore, finding efficient formulations is of par-

amount importance for the electrical industry. In the following sev-

eral radiality formulations are described in detail.  

Parent-Child relationship 

The Parent-Child relations are a set of complementary constraints 

[12], [9], given by inequality (12); this constraint can also be un-

derstood in the sense that only current and power can flow in a 

single direction along each circuit branch of the distribution net-

work [9], as is schematically shown in  Figure 1. The complete 

mathematical program using this constraint is composed by objec-

tive function (1) and constraints (2) -(10) and (12).  

𝒚𝒊𝒋 + 𝒚𝒋𝒊 ≤ 𝟏 ∀ (𝒊. 𝒋) ∈ 𝜴 (12) 

 

Figure 1. Effect of Parent child relationships; current can flow in only one di-

rection, as shown in (b). Source: Own elaboration. 

Spanning tree constraints 

The constraints of the minimum spanning tree can be formulated 

according to (13), (14) y (15). Constraint (13) ensures that for all 

buses with non-zero demand (set 𝑁𝑑), there is a connection to 

the substation, either directly or through other buses. Constraint 

(14) allows buses with zero demand (set 𝑁𝑑0) to be connected or 
not connected to the substation, either directly or through other 

buses. Finally, constraint (15) ensures that the substation does not 

receive power from any other buses. It is worth noting that the 

group of constraints (13), (14), (15) can replace constraints (9) and 

(12); thus, the complete mathematical program is composed by 

objective function (1) and constraints (2)-(8), (10), and (13) - (15).  

Figure 5 shows the effect of spanning tree constraints for a bus 

with power demand different from zero. It is important to high-

light that spanning three constraints guarantee radiality together 

with KVL and KCL (constraints (2) - (4)), by ensuring that the 

necessary amount of active and reactive power is delivered to 

each demand node.  

 
Figure 2. Effect of spanning tree constraint; bus j can only be fed by one bus (in 

this case k bus). Source: Own elaboration. 

 

Single commodity flow constraints 

To construct this set of complementary radiality constraints, it is 

assumed that at each non-substation bus with non-zero demand, 

there is a fictitious demand of 1 for a certain commodity; likewise, 

a fictitious flow 𝑓𝑖𝑗 (of continuous nature) is assumed on each of 

the arcs composing the network, allowing this flow to be active 

only if the breaker of the corresponding circuit branch is active 

[12]. 

∑ 𝑦𝑖𝑗

𝑖|(𝑖,𝑗)∈Ω

= 1      ∀ 𝑗 ∈  𝑁𝑑 (13) 

∑ 𝑦𝑖𝑗

𝑖|(𝑖,𝑗)∈Ω

≤ 1      ∀ 𝑗 ∈  𝑁𝑑0 (14) 

∑ 𝑦𝑖𝑗

𝑖|(𝑖,𝑗)∈Ω

= 0     ∀ 𝑗 ∈  𝑁𝑠 (15) 

The flow balance equations then allow writing the set of con-

straints (16), (17), and (18); constraints (16) and (17) correspond 
to the fictitious flow balance for a bus with demand of the com-

modity of 1 and 0 respectively; constraint (18) allows the fictitious 

flows to be active only on the circuit branches activated by the 

switches of the distribution network. 

∑ 𝑓𝑖𝑗

𝑗|(𝑖,𝑗)𝜖Ω

+ 1 = ∑ 𝑓𝑘𝑖

𝑘|(𝑘,𝑖)∈Ω

     ∀ 𝑖 ∈ 𝑁𝑑 (16) 

∑ 𝑓𝑖𝑗

𝑗|(𝑖,𝑗)𝜖Ω

= ∑ 𝑓𝑘𝑖

𝑘|(𝑘,𝑖)∈Ω

     ∀ 𝑖 ∈ 𝑁𝑑0  (17) 

𝑓𝑖𝑗 ≤ 𝑀𝑦𝑖𝑗  ∀  (𝑖, 𝑗) ∈ Ω (18) 

Figure 3 shows schematically the main principle behind single com-

modity flow constraints for a network with six demand buses. A 

supply of six is assigned to the substation, while a demand of 1 is 

assigned to each other bus. 
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Figure 3. Main principle of SCF constraints. A supply of six is assigned to the 

substation, equal to the number of nodes. A demand of 1 is assigned to each 

other node. Source: Own elaboration. 

Single commodity flow +spanning tree constraints 

By combining the constraints of the Single Commodity Flow with 

those of the minimum spanning tree it is generated the group of 

complementary constraints called SCF+ST [12]; this group is com-

posed by constraints (13)–(18) [12]. 

Multi-commodity flow Constraints 

In the case of Multi-Commodity Flow, a fictitious demand of 1 for 

commodity   𝑘is assumed at bus 𝑘 if the bus has non-zero power 

demand, and a demand of 0 for commodity 𝑘 at the rest of the 

non-substation buses [17].  

∑ 𝑓𝑗𝑖
𝑘

𝑗|(𝑖,𝑗)∈Ω

− ∑ 𝑓𝑖𝑗
𝑘

𝑗|(𝑖,𝑗)∈Ω

= −1  ∀ 𝑘 ∈  𝑁𝑑 , 𝑖 ∈ 𝑁𝑠 (19) 

∑ 𝑓𝑗𝑘
𝑘

𝑗|(𝑗,𝑘)∈Ω

− ∑ 𝑓𝑘𝑗
𝑘

𝑗|(𝑗,𝑘)∈Ω

= 1  ∀ 𝑘 ∈  𝑁𝑑 (20) 

∑ 𝑓𝑗𝑖
𝑘

𝑗|(𝑖,𝑗)∈Ω

− ∑ 𝑓𝑖𝑗
𝑘

𝑗|(𝑖,𝑗)∈Ω

= 0  ∀ 𝑘 ∈ 𝑁𝑑 , 𝑖

∈ 𝛮\ {𝑁𝑠, k}  

(21) 

0 ≤ 𝑓𝑖𝑗
𝑘 ≤ 𝑦𝑖𝑗 , 0 ≤ 𝑓𝑗𝑖

𝑘 ≤ 𝑦𝑗𝑖 , ∀ 𝑘 ∈ Ν\𝑁𝑠, (𝑖, 𝑗) ∈ Ω  (22) 

Constraints (19)-(22) form the group of Multi-Commodity Flow 

constraints; In particular, constraint (19) ensures that one unit of 

commodity 𝑘 flows from the substation; constraint (20) ensures 

that one unit of commodity k is delivered at bus 𝑘. Constraint (21) 

allows the use of all buses other than the substation and bus 𝑘 as 

pass-through buses for commodity 𝑘, while constraint (22) allows 

the flow of commodity k only through those circuit branches that 

are switched. Figure 4 shows the main principle behind MCF con-

straints; a supply of 1 for commodity 𝑖 is assigned to the substa-

tion, while a demand of 1 is assigned to bus 𝑖. This process is re-

peated for each bus, using different commodities. 

Enhancing radiality constraints for computational efficiency 

The challenge with enforcing radiality in large distribution net-

works lies in balancing the precision of the model with computa-

tional complexity. To address this, researchers have proposed hy-

brid approaches that combine the strengths of different auxiliary 

constraint formulations. Two such combined formulations are dis-

cussed below. 

 

Figure 4. Main principle behind MCF constraints. A supply of 1 of commodity 𝒊 

is assigned to the substation, while a demand of 1 of the same commodity is as-

signed to bus 𝒊. Source: Own elaboration. 

Multi-commodity flow plus spanning tree 

Combining the constraints of Multi-Commodity Flow with those 

of the minimum spanning tree generates the group of complemen-

tary constraints called MCF+ST, (13)–(15), (19)–(22). This hybrid 

approach leverages the flow conservation properties of MCF while 

utilizing the structural advantages of ST constraints. By combining 

these two methods, the MCF+ST formulation achieves better 

computational performance in medium-to-large distribution sys-

tems, as it reduces the number of possible configurations that need 

to be evaluated during optimization. This is particularly beneficial 

in networks with more than 100 buses, where the complexity of 

the SCF model alone may be prohibitive. 

In the MCF+ST formulation, the flow of fictitious commodities en-

sures that power is delivered radially, while the spanning tree con-

straints guarantee that the network remains radial. This combina-

tion has been shown to reduce computational time without sacri-

ficing solution quality. 

Multi-commodity flow plus single commodity flow 

Combining the constraints for Single Commodity Flow and Multi-

Commodity Flow yields the group of complementary constraints 

(16)–(22). Combining the Single Commodity Flow (SCF) and 

Multi-Commodity Flow (MCF) introduces a powerful hybrid ap-

proach that takes advantage of both techniques to ensure radiality 

in distribution networks. The combination of SCF and MCF allows 

for more robust control over power flows in the network by lev-
eraging the simplicity of SCF’s flow conservation principles and the 

detailed flow management of MCF across different commodities. 

In the SCF formulation, the flow of a single fictitious commodity is 

assumed across the entire network, ensuring that each bus with 

demand receives exactly one unit of this commodity, thus main-

taining a radial structure. On the other hand, MCF assigns a unique 

fictitious commodity to each bus, providing more detailed control 

and ensuring that each demand bus is supplied by exactly one path 

from the substation. 

Test and results 

In this section, the methodology used to compare the groups of 

complementary constraints described in Section 2 is described 

along with the test instances used for this purpose; a total of five 

instances, with 14, 33, 84, 136, and 417 buses are employed to test 

the different radiality formulations established in the previous sec-

tion. Subsequently, the findings are presented and discussed. 

Methodology 

Figure 5 schematically illustrates the methodology of this study. 

The datasets used [18] include active/reactive power demands, 
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voltage limits for each bus, and branch data (resistance, reactance, 

and current limits). These datasets are processed with the Python 

library Networkx to build a graph-based structure, later used to 

formulate optimization models in Gurobi 11. The base model, de-

scribed in Section 2, incorporates load flow constraints and the 

radiality condition from [5]. Variants termed “auxiliary con-

straints” extend the base model with additional formulations, de-

tailed in Section 2. 

 

Figure 5. Methodology’s scheme. Source: Own elaboration. 

 

The assessment of the different radiality representations stated in 
section 2 was conducted through examination of five distinct dis-

tribution systems retrieved from [18]. Each system varies in terms 

of the quantity of branches and accompanying details regarding the 

loads at individual bus bars and resistance and reactance of circuit 

branches. Table 1 gives comprehensive information pertaining to 

the number of switches, substation buses, and base voltages and 

powers for each system under consideration. Conventionally, lit-

erature engages with datasets of varying sizes: small distribution 

systems (comprising 13 and 33 buses), medium distribution sys-

tems (with 84, 119, and 136 buses), and large distribution systems 

(with 417 buses).  

Table 1.  Distribution systems considered for computational study.  

Number of 

buses 

Number of 

switches 

Reference 

bus 

Base Volt-

age (kV) 

Base apparent 

power (MVA) 

14 16 14 23.0 100 

33 37 1 12.66 10 

84 96 84 11.4 10 

136 156 1 13.8 100 

417 473 1 10.0 10 

 

Source: Own elaboration. 

To ensure comparability with recent literature findings, careful se-

lection of available distribution systems was undertaken, given 

their frequent utilization in this research domain [19], [9]. These 

instances serve as standard references for evaluating and con-

trasting the efficacy of different optimization algorithms and ap-

proaches to RDS. 

Discussion of results 

In Table 2, the computational time results are presented for each 

of the five cases considered in this study, as well as for the different 

groups of auxiliary constraints studied. The various study cases 

were solved using a virtual machine Intel® Xeon® Gold 6230 R 
CPU @2.1 GHz with 32 processors and 128 GB of RAM running 

Ubuntu Linux operating system. The computational time limit was 

set at 84 hours while the remaining solver parameters were kept 

at their default settings. As shown in Figure 5, the base model, 

formed by constraints(2)– (10), fails to find a feasible solution solve 

the RDS for the instances with 136 and 417 buses due to the pres-

ence of buses with zero active and reactive power demand. In 

contrast, the sets of auxiliary constraints ST, SCF, MCF, 

SCF+MCF, SCF+ST, and MCF+ST can successfully solve these in-

stances, as they do not rely solely on constraint (9) to guarantee 

a radial solution. However, specifically for the 417-bus instance, 

none of the groups of auxiliary constraints achieve optimality 

within the fixed time limit. Furthermore, for the instances with 14, 

33, 84, and 136 buses, the ST auxiliary constraints demonstrate 

the best performance in terms of computational time.  

Table 2. Comparative results. 

Model Variable 
Test Systems 

14 33 84 136 417 

Base 

model 

Time (s) 0,12  1,75 9.85 * * 

Power Losses 

(kW) 

605.9

2 

139.55

  

469.8

7 
* * 

P-C 

Time (s) 0,14 0,53 7,68 * * 

Power Losses 

(kW) 

605.9

2 

139.55

  

469.8

7 
* * 

SCF 

Time (s) 0,17 1,04 3,59 
403,4

3 
302400 

Power Losses 

(kW) 

605.9

2 

139.55

  

469.8

7 

280.1

4 
585. 35 

GAP 0% 0% 0% 0% 9,08% 

SCF+ST 

Time(s) 0,11 0,7 1,91 44,69 302400 

Power Losses 

(kW) 

605.9

2 

139.55

  

469.8

7 

280.1

4 
583.12 

GAP 0 0 0 0 7,99% 

MCF 

Time (s) 0,16 1,71 9,47 
329,4

4 
302400 

Power Losses 

(kW) 

605.9

2 

139.55

  

469.8

7 

280.1

4 
582.55 

GAP 0% 0% 0% 0% 15% 

MCF+ST 

Time (s) 0,17 1,34 6,50 
188,2

8 

302400

  

Power Losses 

(kW) 

605.9

2 

139.55

  

469.8

7 

280.1

4 
581,75 

GAP 0% 0% 0% 0% 2,68% 

MCF+SCF 

Time (s) 0,22 1,77 12,07 36806 302400 

Power Losses 

(kW) 

605.9

2 

139.55

  

469.8

7 

280.1

4 
582.89 

GAP 0% 0% 0% 0% 17,5% 

ST 

Time (s) 0,09 0,38 1,34 20,51 302400 

Power Losses 

(kW) 

605.9

2 

139.55

  

469.8

7 

280.1

4 
582.10 

GAP 0% 0% 0% 0% 4,72% 

GAP: Solver gap (%)       P-C: Parent-Child relationship        * No feasible solution 

found 

 

Source: Own elaboration. 

 

Moreover, combining these constraints with SCF or MCF im-

proves computation time compared to using SCF or MCF alone. 

However, for the 417-bus instance, the group of constraints that 

performs best in terms of computation time is MCF+ST, surpas-

sing even the exclusive use of the ST group, achieving a gap of 

2.68%. On the other hand, specifically for the 14-bus instance, the 

base model shows better performance in terms of computational 

time than the SCF and MCF constraint groups. This behavior may 

be attributed to the fact that in small instances, adding variables 

related to fictitious flows and constraints specific to each auxiliary 

constraint group does not benefit as much as in larger instances, 

such as the 417-bus case. 
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Table 3. Best known solutions for test systems. Source: Own elaboration. 

Case Best known solution 

(kW) 

Reference 

14 605.9 [13] 

33 139.55 [9] 

84 469.87 [19] 

136 280.14 [9] 

417 581.57 [9] 

 

Source: Own elaboration. 

 

It is also observed that the SCF+MCF constraint group exhibits 

the worst performance, with longer computation times even com-

pared to the base model for instances where it can obtain a valid 

solution (instances of 14, 33, and 84 buses). Therefore, it can be 

concluded that, for the set of instances analyzed, the SCF+MCF 

constraint group does not provide any improvement in terms of 

computational efficiency. The P-C constraint group shows better 

computational times when compared to the base model but suf-

fers from the same drawback of not guaranteeing the formation of 

a radial topology when encountering buses with zero demand. Ta-

ble 3 displays results reported in the scientific literature for in-

stances of 14, 33, 84, 136, and 417 buses. As observed, the solu-

tions obtained with the different groups of auxiliary constraints 

considered in this study closely approximate the reported values, 

confirming the previously discussed results. Furthermore, Table 4 

presents the maximum RAM consumption by the off-the-shelf 

software during the exploration process of the branch-and-bound 

tree. As shown in Figure 6, for instances with 14, 33, and 84 buses, 

the minimum RAM consumption is achieved by the ST constraint 

set.  

Table 4. Maximum RAM used in branch and bound tree exploration (MB).  

Model Test Systems 

14 33 84 136 417 

Base model 230.75 225.77 490.33 - - 

P-C 166.81 217.19 366.66 - - 

ST 167.57 207.73 236.25 665.21 121000000 

SCF 165.35 249.69 206.84 1197.86 30171.67 

MCF 169.05 299.97 381.19 2947.90 22658.93 

MCF+ST 155.49 260.96 299.07 1941.21 20891.28 

SCF+ST 164.74 209.60 390.82 547.49 30489.79 

MSCF+SCF 171.03 263.62 413.79 1978.42 27508.00 

 

Source: Own elaboration. 

 

However, for larger distribution systems, such as the 136-bus and 

417-bus test systems, the ST constraint set exhibits the worst per-

formance in terms of RAM usage. For the 136-bus test system, the 

SCF+ST constraint set achieves lower consumption, whereas for 

the 417-bus test system (see Figure 6), the MCF+ST constraint set 

results in both lower RAM consumption and a reduced optimality 

gap (see Table 2). 

This phenomenon may be attributed to the fact that, with a grea-

ter number of constraints, it more closely approximates the con-

vex hull of the feasible space, thus reducing the number of nodes 

generated during the branch and bound algorithm execution. 

Although this study was carried out on balanced benchmark sys-

tems, extending the analysis to scenarios with distributed 

generation, renewable integration, and unbalanced load conditions 

remains an important direction for future research, as radiality 

conditions and problem formulations may differ significantly. 

Conclusions 

The effect of including different groups of auxiliary constraints on 

the solution of the Electrical Power Distribution System Reconfi-

guration (RDS) was studied, considering five distribution networks 

of various sizes that accurately represent the systems commonly 

used in the literature. 

 

Figure 6. Maximum RAM used in branch and bound tree exploration (MB) for 

14, 33 and 84 bus test systems. Source: Own elaboration. 

 

Among the analysed constraint groups and the considered net-

works, the spanning tree constraints (ST) show the best reduction 

in computational time for instances with 14, 33, 84, and 136 buses. 

 

 
Figure 7. Maximum RAM used in branch and bound tree exploration (MB) for 

136 and 417 bus test systems. Source: Own elaboration. 

 

Only for the 417-bus instance, the auxiliary constraint group Mul-

ticommodity Flow together with spanning tree (MCF+ST) exhibits 

better performance than spanning tree (ST) alone. This can be at-

tributed to the fact that, for such a large system and thus a larger 

search space, it becomes beneficial to include the variables related 

to fictitious flows and their constraints. While it is not possible to 

generalize for any distribution network or load profile, it can be 

stated that the use of ST constraints significantly improves the so-

lution time of RDS. Furthermore, for relatively large instances, the 

use of ST constraints in conjunction with MCF can lead to even 

lower computation times. The RAM consumption for each cons-

traint group was also analysed. Results indicate that for small sys-

tems (14, 33, and 84 buses), ST constraints achieve the lowest 

RAM consumption. However, for larger systems (136 and 417 

buses), combinations such as SCF+ST and MCF+ST outperform 

ST in RAM requirements. These results may be significant for lar-

ger systems and real applications, where RAM usage could become 

critical. These findings guide utilities aiming to improve efficiency 

with existing infrastructure. However, further research is requi-

red, since radiality conditions and problem formulations can differ 

under distributed generation, high renewable penetration, and un-

balanced conditions. These aspects were beyond the scope of this 
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work due to the computational and space limitations, but consti-

tute a natural extension for future studies. 
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