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Abstract—๠is paper presents a novel mixed-integer second-
order cone programming model to increase the photovoltaic 
(PV) hosting capacity and optimize the operation of distribution 
networks. ๠e problem considers voltage and reactive 
(Volt/VAr) control through the optimal operation of capacitors 
banks, substations’ on-load tap changers, voltage regulators, 
and network reconfiguration with radial and closed-loop opera-
tion topologies. ๠e proposed formulation considers voltage-de-
pendent models for loads and capacitor banks. ๠e objective 
function maximizes the PV hosting capacity of the network. Nu-
merical experiments are carried out using the 33-node and the 
85-node networks. Results demonstrate the effectiveness of the 
proposed formulation to increase the penetration of PV sources, 
especially when the closed-loop operation is allowed, together 
with network reconfiguration and Volt/VAr control. 
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NOMENCLATURE 
Indices and sets: 
𝑖, 𝑗 Indices for nodes 
𝑖𝑗, 𝑗𝑖 Indices for branches 
𝑘 Index for capacitor banks’ (CBs) modules 
𝑠 Index for stochastic scenarios 
Γգ Set of branches 
Γդգ Set of nodes with capacitor banks 
Γեը Set of nodes with dispatchable distributed gener-

ators (DGs) 
Γկ  Set of nodes 
Γձշ  Set of candidate nodes to install PV generation 
Γմ  Set of stochastic scenarios 
Γմմ  Set of substation (SS) nodes 
Γյդ  Set of branches with voltage regulators 

(VRs)/SSs’ on-load tap changers (OLTCs) 
Parameters: 
𝐵ք

դգ Susceptance of a CB’s module installed at node 𝑖 
𝑒ք

եը, 𝑒ք
մմ  CO2 emissions intensity for dispatchable DGs and 

SSs at node 𝑖 

𝐼քօ Current capacity of branch 𝑖𝑗 

𝑀շ , 𝑀၀ Big-M parameters used to calculate the slack var-
iables associated with the voltage magnitude drop 
equation on a branch/the voltage phase angle dif-
ference across a branch 

𝑁խձ  Maximum number of basic loops allowed to be 
formed in the network 

𝑃քӴ֎
ե , 𝑄քӴ֎

ե  Active/reactive power load at nominal voltage at 
node 𝑖, scenario 𝑠 

𝑃𝐹 ք
եը, 𝑃𝐹࣑࣒࣒ ࣒࣒ ࣒࣒ ࣓

ք
եը Power factor limits of the dispatchable DG at 

node 𝑖 
𝑃𝐹 ք

ձշ , 𝑃𝐹࣑࣒࣒ ࣒࣒ ࣒࣒ ࣓
ք
ձշ  Power factor limits of the PV unit at node 𝑖 

𝑅քօ, 𝑋քօ, 𝑍քօ Resistance, reactance, and impedance of branch 
𝑖𝑗 

𝑆ք

եը
 Apparent power capacity of the dispatchable DG 

at node 𝑖 

𝑆ք

մմ
 Apparent power capacity of the SS at node 𝑖 

𝑉 , 𝑉  Maximum/minimum voltage magnitude limits al-
lowed at the nodes of the network 

𝑉 կ  Nominal voltage of the network 
𝑛ք

դգ Number of CB’s modules installed at node 𝑖 
𝜐ք̂Ӵ֎ Estimate of the voltage magnitude at node 𝑖, sce-

nario 𝑠 
∆֎

յ  Duration of stochastic scenario 𝑠 
Δ࣒࣓࣒࣒࣑քօ

յդ  Regulation of the VR/SS’s OLTC of branch 𝑖𝑗 

𝛾քӴ֎
ջ , 𝛾քӴ֎

ժ , 𝛾քӴ֎
ձ  Participation factors of constant impedance/cur-

rent/power of the active power demand at node 𝑖, 
scenario 𝑠 

𝜆քӴ֎
ձշ  Generation factor of a PV unit at node 𝑖, scenario 

𝑠 
𝜇քӴ֎

ջ , 𝜇քӴ֎
ժ , 𝜇քӴ֎

ձ  Participation factors of constant impedance/cur-
rent/power of the reactive power demand at node 
𝑖, scenario 𝑠 

𝜛 Total CO2 emissions from the network 
𝜓ք Energy curtailment limit for the PV unit at node 𝑖 
Continuous variables: 
𝐼քօӴ֎

մղ Square of the current magnitude on branch 𝑖𝑗, sce-
nario 𝑠 

𝑃քօӴ֎, 𝑄քօӴ֎ Active/reactive power flows through branch 𝑖𝑗 , 
scenario 𝑠 

𝑃քӴ֎
դ  Power curtailment for the PV generation unit at 

node 𝑖, scenario 𝑠 
𝑃քӴ֎

եը, 𝑄քӴ֎
եը Active/reactive power injected by the DG at node 

𝑖, scenario 𝑠 
𝑃քӴ֎

ձշ , 𝑄քӴ֎
ձշ  Active/reactive power injected by the PV genera-

tor at node 𝑖, scenario 𝑠 

𝑃ք

ձշ
 Installed PV capacity at node 𝑖 

𝑃քӴ֎
մմ, 𝑄քӴ֎

մմ  Active/reactive power injected by the SS at node 
𝑖, scenario 𝑠 

𝑄քӴֆӴ֎
դգ  Reactive power injected by the CB’s module 𝑘, at 

node 𝑖, scenario 𝑠 

𝑄̂քӴ֎
դգ Total reactive power injected by the CB at node 𝑖, 

scenario 𝑠 
𝑉քӴ֎ Voltage magnitude at node 𝑖, scenario 𝑠 
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𝑉քӴ֎
մղ Square of the voltage magnitude at node 𝑖 , sce-

nario 𝑠 
𝑓քօ Fictitious flow on branch 𝑖𝑗 

𝑔ք Fictitious generation at the SS node 𝑖 
𝛿քօӴ֎

յդ  Auxiliary variable for the voltage difference 
across the VR/SS’s OLTC on branch 𝑖𝑗, scenario 
𝑠 

𝜁քօӴ֎, 𝜉քօӴ֎ Slack variables for the calculation of the voltage 
drop/phase angle difference across branch 𝑖𝑗, sce-
nario 𝑠 

𝜃քӴ֎ Voltage phase angle at node 𝑖, scenario 𝑠 
Binary variables: 
𝑤քօ

մո  Operational state of branch 𝑖𝑗 

𝑦քӴֆӴ֎
դգ  Indicates if the CB module 𝑘 is operating (𝑦քӴֆӴ֎

դգ =
1) or not (𝑦քӴֆӴ֎

դգ = 0) at node 𝑖, scenario 𝑠 

I. INTRODUCTION 
Increased concerns on environmental issues have incen-

tivized the inclusion of renewable energy sources (RES) in 
electrical distribution networks [1]. Encouraged by govern-
mental incentives [2], CO2 emissions mitigation strategies 
[3], reduction of electricity bills [4], and a continuous de-
crease in equipment costs [5], the presence of RES in distri-
bution networks has increased over the years. 

However, the introduction of these technologies in elec-
tric grids brings new challenges for the operational planners 
due to RES generation characteristics. ๠ese characteristics 
include an intermittent behavior, which has an impact on the 
voltage and current constraints of the networks [6], [7]. 

๠ese impacts could limit the amount of RES insertion in 
distribution networks and could only be mitigated through in-
vestments to reinforce the network. As such, operational 
planners look for alternatives to adequate and improve the 
operation of distribution networks in order to increase the 
hosting capacity, i.e., the amount of RES that can be accom-
modated on a distribution network. 

In recent years, several studies have assessed the hosting 
capacity problem. In [8], the authors recognize that a high 
penetration of photovoltaic (PV) systems can potentially 
cause several operational issues in distribution networks. In 
this sense, a Monte Carlo-based hourly stochastic analysis 
framework is presented to identify the PV accommodation 
limit in distribution networks. In [9], a distributionally robust 
optimization-based data-driven technique is employed to de-
termine the hosting capacity for active distribution networks 
considering the uncertain forecasting errors of PV generation 
outputs and load demands. In [10], a bilevel optimization dis-
patch method based on an iterative particle swarm optimiza-
tion (PSO) algorithm is proposed for the PV hosting capacity. 
In [11], a constructive model for hosting capacity determina-
tion is presented. For this purpose, solutions are constructed 
sequentially according to realistic constraints. In [12], a 
streamlined methodology is proposed to determine the 
amount of PV capacity that can be accommodated on a dis-
tribution feeder before undesirable impacts occur. ๠is ap-
proach finalizes assigning a minimum and maximum hosting 
capacity value to each feeder under analysis. 

Network reconfiguration is one of the most common ap-
proaches to improve the operation of distribution networks. It 
consists of performing switching operations with the objec-
tive of changing the topology of the network for alleviating 
congestions and improving the voltage profile while main-
taining a radial configuration for the network. Reference [13] 

evaluates the possibility of performing network reconfigura-
tion for improving the hosting capacity of distribution net-
works while maintaining a radial configuration. In [14], the 
authors formulate a network reconfiguration problem to min-
imize voltage violations associated with increasing PV pene-
tration in a radial distribution network. 

In [15], a two-stage optimization framework is presented 
based on the hypothesis that by decreasing the ๠évenin im-
pedance at the point of connection, a larger PV capacity can 
be integrated. ๠e first stage aims to design a new optimal 
configuration for a distribution network. In the second stage, 
the PV hosting capacity is determined for the network config-
uration obtained in the first stage. In [16], a multiperiod net-
work reconfiguration is presented for increasing the hosting 
capacity of distribution networks under a minimum required 
number of switching operations. ๠e proposed four-stage 
method includes: assessment stage, time-partitioning stage, 
optimization stage, and evaluation stage. 

Closed-loop operation topology is an alternative for radial 
operation in distribution networks. ๠e advantages of a 
closed-loop operation include a potential decrease of electric 
losses [17] and reliability improvements in the normal state 
[18]. Several utilities have adopted normally closed-loop to-
pologies to serve their customers, including Taipower Com-
pany, Florida Power Company, Hong Kong Electric Com-
pany, and Singapore Power [18]. ๠e upgrading of primary 
feeders from open-loop to normally closed-loop arrange-
ments aims to guarantee a reliable and high-quality power 
supply since some customers cannot afford either a short-pe-
riod interruption or a long-duration voltage dip. Reference 
[18] discusses the requirements and drawbacks of transition-
ing from radial to closed-loop configurations in distribution 
systems. ๠ese requirements include the evaluation of short-
circuit currents, capacities, and voltage levels of the substa-
tions; the ratings, impedances, loadings, and load character-
istics of the substation transformers; the size, length, loading, 
load distribution, and load characteristics of the feeders. In 
contingency scenarios, the response of the system after a per-
manent fault is enhanced by reconnecting more loads to pri-
mary feeders [19]. In [17], the reconfiguration problem con-
sidering the closed-loop operation for minimizing electric 
losses is formulated as a mixed-integer nonlinear program-
ming (MINLP) problem. A very important aspect of this work 
is that the authors verify that not necessarily an all-closed-
switches operation configuration is the topology with the low-
est value of power losses. In [20], the possibility of consider-
ing a closed-loop operation topology of the network for im-
proving the integration of RES in distribution networks is an-
alyzed, considering only the possibility of closing tie 
switches, i.e., without considering network reconfiguration. 

Voltage and reactive (Volt/VAr) control is another option 
to improve the operation of distribution networks. It consists 
of determining the optimal adjustment of the tap positions of 
the substations’ (SSs) on-load tap changers (OLTCs), voltage 
regulators (VRs), and the determination of the number of ca-
pacitor banks (CBs) in operation at each node. Reference [21] 
proposes a mathematical formulation to improve the hosting 
capacity of active distribution networks through Volt/VAr 
control without changing the network topology. 

In [22], the maximum hosting capacity of a network is 
evaluated using a robust optimization-based method consid-
ering the operation of OLTCs and static var compensators. In 
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[23], an optimization-based framework is proposed to assess 
the impact of active distribution network management 
schemes in increasing the PV hosting capacity, including PV-
based and OLTC-based control strategies. In [24], a mathe-
matical model is proposed to maximize the distribution net-
work hosting capacity by using OLTC control and grid recon-
figuration to manage grid operation conditions related to volt-
age rise problems. In [25], a genetic algorithm-based tech-
nique is developed to maximize the PV hosting capacity of 
17 utility distribution feeders by optimally switching CBs, 
adjusting VRs taps, managing controllable branch switches, 
and controlling smart PV inverters. 

In this work, we consider network reconfiguration, 
Volt/VAr control, and closed-loop operation for increasing 
the maximum penetration of RES in distribution networks. 
Different from [20], the proposed approach considers open-
ing sectionalizing switches to provide more flexibility to the 
network operation. ๠e proposed formulation consists of a 
new mixed-integer second-order cone programming 
(MISOCP) model. To handle the uncertainties of RES, a sto-
chastic scenario-based formulation is used. ๠e load is repre-
sented using the voltage-dependent ZIP model to characterize 
a more realistic representation of the problem. ๠e objective 
function considers the maximization of the penetration of 
RES in the distribution networks in order to mitigate CO2 
emissions. 

๠is paper significantly extends [1] by including an ex-
panded literature review, a much more detailed explanation 
of the proposed mathematical model, and presenting compre-
hensive results using the 85-node distribution network. 

Hence, the main contributions of this work are as follows: 

 From a modeling perspective, a new stochastic-pro-
gramming-based model is proposed to determine the 
optimal distribution network topology, allowing 
closed-loop operation and Volt/VAr control, in order 
to increase the PV hosting capacity of the network 
and reduce the associated CO2 emissions; 

 From a methodological perspective, the resulting 
MINLP problem is recast in order to obtain a relaxed 
MISOCP model that is treatable, scalable, and can 
be effectively solved by commercial solvers. 

๠e remainder of the paper is organized as follows: Sec-
tion II presents the proposed formulation for the problem; the 
results of the tests conducted using the 33-node network and 
the 85-node network are presented in Section III; finally, the 
conclusions of the work are presented in Section IV. 

II. MISOCP MODEL FOR THE PROBLEM 

๠e formulation that maximizes the PV hosting capacity 
of the network is presented in this section. 

A. Objective Function 

๠e objective function ℱ is presented in (1). 

maximizeℱ = ం 𝑃ք

ձշ

ք∈္ԻՁ

 (1)

Equation (1) maximizes the total PV generation installed 
capacity in the network, accounting for all candidate nodes to 
install PV units. 

B. Power Flow Constraints 

๠e ac operation of the network is represented by the 
power flow constraints (2)–(9) which consider a voltage-de-
pendent formulation for the load [19]. 

ం 𝑃օքӴ֎
օք∈္ԭ

− ం ॕ𝑃քօӴ֎ + 𝑅քօ𝐼քօӴ֎
մղॖ

քօ∈္ԭ

+ 𝑃քӴ֎
մմ + 𝑃քӴ֎

եը + 𝑃քӴ֎
ձշ

= 𝑃քӴ֎
ե ঢ়𝛾քӴ֎

ջ
𝑉քӴ֎

մղ

(𝑉 կ)ϵ
+ 𝛾քӴ֎

ժ
𝑉քӴ֎

𝑉 կ
+ 𝛾քӴ֎

ձ ৞(2) 

ం 𝑄օքӴ֎
օք∈္ԭ

− ం ॕ𝑄քօӴ֎ + 𝑋քօ𝐼քօӴ֎
մղॖ

քօ∈္ԭ

+ 𝑄քӴ֎
մմ + 𝑄քӴ֎

եը + 𝑄քӴ֎
ձշ

+ 𝑄̂քӴ֎
դգ = 𝑄քӴ֎

ե ঢ়𝜇քӴ֎
ջ

𝑉քӴ֎
մղ

(𝑉 կ)ϵ
+ 𝜇քӴ֎

ժ
𝑉քӴ֎

𝑉 կ
+ 𝜇քӴ֎

ձ ৞(3) 

𝑉քӴ֎ = ఌ𝑉 + 𝑉

2
+

1

2ఋ𝑉 + 𝑉
2

ভ𝑉քӴ֎
մղ −

𝑉 + 𝑉

2
ম (4) 

∀𝑖 ∈ Γկ , 𝑠 ∈ Γմ   

𝑉քӴ֎
մղ − 𝑉օӴ֎

մղ + 𝛿քօӴ֎
յդ + 𝜁քօӴ֎ = 2ि𝑅քօ𝑃քօӴ֎ + 𝑋քօ𝑄քօӴ֎ी + 𝑍քօ

ϵ 𝐼քօӴ֎
մղ  (5) 

𝜐ք̂Ӵ֎𝜐օ̂Ӵ֎ि𝜃քӴ֎ − 𝜃օӴ֎ + 𝜉քօӴ֎ी = 𝑋քօ𝑃քօӴ֎ − 𝑅քօ𝑄քօӴ֎ (6) 

𝑉օӴ֎
մղ𝐼քօӴ֎

մղ ≥ 𝑃քօӴ֎
ϵ + 𝑄քօӴ֎

ϵ  (7) 

ੵ𝜁քօӴ֎ੵ ≤ 𝑀շ ि1 − 𝑤քօ
մո ी (8) 

ੵ𝜉քօӴ֎ੵ ≤ 𝑀၀ि1 − 𝑤քօ
մո ी (9) 

∀𝑖𝑗 ∈ Γգ, 𝑠 ∈ Γմ   

Constraints (2) and (3) are, respectively, the active and re-
active power balance constraints, representing the application 
of Kirchhoff’s current law to the network. ๠e voltage-de-
pendent ZIP model [26] is used in this formulation to repre-
sent the load. Constraint (4) calculates the voltage magnitude 
at node 𝑖, scenario 𝑠, from the value of the squared voltage 
magnitude, 𝑉քӴ֎

մղ , using a Taylor’s series expansion of the 

square root of 𝑉քӴ֎
մղ at the midpoint of the voltage magnitude 

limits ि𝑉 + 𝑉 ी 2⁄ . 
Constraints (5)–(9) represent the systematic application of 

Kirchhoff’s voltage law to the network. Constraint (5) calcu-
lates the difference of the values of the squared voltage mag-
nitudes 𝑉քӴ֎

մղ  and 𝑉օӴ֎
մղ  across branch 𝑖𝑗  in scenario 𝑠 , as a 

function of the active and reactive power flows, the squared 
value of the current magnitude, and the parameters of the line. 
๠e variable 𝛿քօӴ

յդ  is related to the operation of the SS’s OLTCs 
and VRs and will be described later. ๠e slack variable 𝜁քօӴ֎ is 
used to ignore the calculation of the difference of the values 
of the squared voltage magnitudes across branch 𝑖𝑗 when the 
switch associated with branch 𝑖𝑗 is open. 

Constraint (6) calculates the voltage phase angle differ-
ence, 𝜃քӴ֎ − 𝜃օӴ֎, across branch 𝑖𝑗 in scenario 𝑠, as a function 
of the active and reactive power flows on the branch and the 
parameters of the line. ๠is constraint is a linearization of the 
original nonlinear one ఉ𝑉քӴ֎𝑉օӴ֎ sinि𝜃քӴ֎ − 𝜃օӴ֎ + 𝜉քօӴ֎ी =

𝑋քօ𝑃քօӴ − 𝑅քօ𝑄քօӴ֎ . Similar to 𝜁քօӴ   in (5), the slack variable 
𝜉քօӴ֎ is used to ignore the calculation of the voltage phase an-
gle when the switch associated with branch 𝑖𝑗 is open, i.e., the 
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voltage phase angles at buses 𝑖 and 𝑗 in scenario 𝑠 are not di-
rectly related to the power flow and parameters of branch 𝑖𝑗 
if the switch of branch 𝑖𝑗 is open. 

Constraint (7) is a second-order cone constraint that cal-
culates the squared value of the current magnitude on branch 
𝑖𝑗, scenario 𝑠, as a function of the squared values of the active 
and reactive power flows on the branch and the squared value 
of the voltage magnitude at the terminal node 𝑗 of the branch 
in scenario 𝑠. Ideally, this constraint should be active in the 
solution, otherwise, the terms 𝑅քօ𝐼քօӴ

մղ, 𝑋քօ𝐼քօӴ
մղ, and 𝑍քօ

ϵ 𝐼քօӴ
մղ in 

(2), (3), and (5) will be overestimated, leading to higher val-
ues of losses. Note, however, that the impact of (7) not being 
active in the solution is limited, since the losses are only a 
small fraction of the total load in a distribution system. In this 
paper, the feasibility of the solution is evaluated using a 
power flow algorithm. 

Constraints (8) and (9) are used to calculate the slack var-
iables 𝜁քօӴ֎ and 𝜉քօӴ֎ according to the statuses of the switches. 
Note that if 𝑤քօ

մո = 0, indicating an open switch status, then 
−𝑀շ ≤ 𝜁քօӴ֎ ≤ 𝑀շ   and −𝑀၀ ≤ 𝜉քօӴ֎ ≤ 𝑀၀ , and in (5) and 
(6) the voltage magnitudes and voltage phase angles calcula-
tion at the terminal nodes 𝑖  and 𝑗  will not depend on the 
power flow on branch 𝑖𝑗. On the other hand, if 𝑤քօ

մո = 1, in-
dicating a closed switch status, then 𝜁քօӴ֎ = 0  and 𝜉քօӴ֎ = 0 , 
and (5) and (6) will calculate the values of the voltage mag-
nitudes and voltage phase angles at the terminal nodes 𝑖 and 
𝑗 according to values of the power flow (and current magni-
tude) on branch 𝑖𝑗. 

C. Physical and Operational Limits of the Network 

Constraints (10)–(14) are the physical and operational 
limits of the network. 

0 ≤ 𝐼քօӴ֎
մղ ≤ 𝐼քօ

ϵ
𝑤քօ

մո  ∀𝑖𝑗 ∈ Γգ, 𝑠 ∈ Γմ  (10)

ੵ𝑃քօӴ֎ੵ ≤ 𝑉 𝐼քօ𝑤քօ
մո  ∀𝑖𝑗 ∈ Γգ, 𝑠 ∈ Γմ  (11)

ੵ𝑄քօӴ֎ੵ ≤ 𝑉 𝐼քօ𝑤քօ
մո  ∀𝑖𝑗 ∈ Γգ, 𝑠 ∈ Γմ  (12)

𝑉 ϵ ≤ 𝑉քӴ֎
մղ ≤ 𝑉

ϵ
 ∀𝑖 ∈ Γկ , 𝑠 ∈ Γմ  (13)

ि𝑃քӴ֎
մմीϵ + ि𝑄քӴ֎

մմीϵ ≤ ५𝑆ք

մմ
६

ϵ

 ∀𝑖 ∈ Γմմ, 𝑠 ∈ Γմ  (14)

According to the switches statuses, constraints (10)–(12) 
define the current capacities, active, and reactive limits for the 
branches, (13) is the voltage limit for the nodes, and (14) is 
the apparent power capacity of the SSs. 

Note that in (10)–(12), if 𝑤քօ
մո = 0, then the values of 𝐼քօӴ֎

մղ, 
𝑃քօӴ֎, and 𝑄քօӴ֎ will also be zero. On the other hand, if 𝑤քօ

մո =

1 , then 𝐼քօӴ֎
մղ , 𝑃քօӴ֎ , and 𝑄քօӴ֎  can assume any values within 

their bounds (related to the current capacity of the lines). 
Moreover, (10) together with (7) are sufficient to ensure that 
𝑃քօӴ֎ = 0  and 𝑄քօӴ֎ = 0  if 𝑤քօ

մո = 0 . However, (11) and (12) 
are included in the model because they improve the conver-
gence speed of the optimization solver. 

Since 𝑉քӴ֎
մղ  is directly available in the formulation, (13) 

considers the squared values of 𝑉  and 𝑉  to limit 𝑉քӴ֎
մղ. 

D. Operation of the SSs’ OLTCs and VRs 

๠e operation of SSs’ OLTCs and VRs can be modeled 
considering discrete tap steps. However, a discrete represen-
tation increases the complexity of the problem. ๠erefore, a 
continuous formulation of the tap of SSs’ OLTCs and VRs is 
considered in this paper. 

Consider an ideal transformer with a tap ratio 1:Δքօ
յդ + 1 

in series with the transformer impedance 𝑅քօ + 𝑗𝑋քօ , pre-
sented in Fig. 1. 

๠e calculation of the square of the voltage magnitude at 
node 𝑘 is shown in (15), while (16) defines 𝛿քօ

յդ, the difference 
between the squared value of the voltage magnitudes at nodes 
𝑘 and 𝑖. 

𝑉ֆ
ϵ = िΔքօ

յդ + 1ीϵ𝑉ք
ϵ (15)

𝛿քօ
յդ = 𝑉ֆ

ϵ − 𝑉ք
ϵ = Δքօ

յդिΔքօ
յդ + 2ी𝑉ք

ϵ (16)

Equation (17) shows how to obtain the value of the tap 
from 𝛿քօ

յդ and 𝑉ք. 

Δքօ
յդ + 1 =

ఊ𝑉ք
ϵ + 𝛿քօ

յդ

𝑉ք

 (17)

Based on these considerations, the operation of the SSs’ 
OLTCs and VRs is modeled in (18) [19]. 

ੵ𝛿քօӴ֎
յդ ੵ ≤ Δ࣓࣒࣒࣒࣑քօ

յդॕΔ࣓࣒࣒࣒࣑քօ
յդ + 2ॖ𝑉քӴ֎

մղ ∀𝑖𝑗 ∈ Γյդ , 𝑠 ∈ Γմ  (18)

Constraint (18) calculates 𝛿քօӴ֎
յդ   considering the voltage 

𝑉քӴ֎
մղ and Δ࣓࣒࣒࣒࣑քօ

յդ. 
๠e error associated with the consideration of continuous 

taps will depend on the number of tap positions of the VR. 
Consider a typical VR with 33 tap positions (±16 posi-

tions and a position 0) and a maximum regulation Δ࣓࣒࣒࣒࣑քօ
յդ = 0.1. 

๠e maximum error that will be verified in this situation will 
be when the continuous tap remains exactly between two dis-
crete positions, and the value of the maximum error will be 
0.1 (2 × 33) = 0.15%⁄ . 

E. Operation of CBs 

๠e operation of the CBs is formulated using a voltage-
dependent model, as presented in (19)–(21). Fig. 2 illustrates 
the operation of a CB installed at node 𝑖. 

𝑄̂քӴ֎
դգ = ం 𝑄քӴֆӴ֎

դգ

։Վ
Ԯԭ

ֆ=φ

 ∀𝑖 ∈ Γդգ, 𝑠 ∈ Γմ  (19)

Fig. 1 Equivalent circuit of a VR/SS’s OLTC. 

Fig. 2 Illustration of the operation of a CB. 
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−𝐵ք
դգ𝑉

ϵ
ि1 − 𝑦քӴֆӴ֎

դգ ी ≤ 𝑄քӴֆӴ֎
դգ − 𝐵ք

դգ𝑉քӴ֎
մղ

≤ −𝐵ք
դգ𝑉 ϵि1 − 𝑦քӴֆӴ֎

դգ ी (20)

𝐵ք
դգ𝑉 ϵ𝑦քӴֆӴ֎

դգ ≤ 𝑄քӴֆӴ֎
դգ ≤ 𝐵ք

դգ𝑉
ϵ
𝑦քӴֆӴ֎

դգ  (21)

∀𝑖 ∈ Γդգ, 𝑘 ∈ ृ1,⋯ , 𝑛քօ
դգॄ, 𝑠 ∈ Γմ  

Constraint (19) calculates the total reactive power in-
jected by a CB at node 𝑖, scenario 𝑠, as the sum of the reactive 
power injected by each module 𝑘. 

๠e disjunctive constraints (20) and (21) calculate the re-
active power injected by each CB module 𝑘 . Note that, if 
𝑦քӴֆӴ֎

դգ =  0, then 𝑄քӴֆӴ֎
դգ =  0 in (21) and 𝑉քӴ֎

մղ  is limited to its 
bounds in (20). On the other hand, if 𝑦քӴֆӴ֎

դգ = 1, then 𝑄քӴֆӴ֎
դգ =

𝐵ք
դգ𝑉քӴ֎

մղ in (20) while (21) provides the limits for 𝑄քӴֆӴ֎
դգ , that 

will be always satisfied. 

F. Dispatchable distributed generators (DGs) 

๠e capacities of the dispatchable DGs are considered in 
(22)–(24). 

Fig. 3 illustrates the capability curve of a dispatchable 
DG, modeled as a synchronous machine. 

ि𝑃քӴ֎
եըीϵ + ि𝑄քӴ֎

եըीϵ ≤ ५𝑆ք

եը
६

ϵ

 ∀𝑖 ∈ Γեը, 𝑠 ∈ Γմ  (22)

𝑃քӴ֎
եը ≥ 0 ∀𝑖 ∈ Γեը, 𝑠 ∈ Γմ  (23)

−𝑃քӴ֎
եը tan(cos−φ(𝑃𝐹 ք

եը)) ≤ 𝑄քӴ֎
եը

≤ 𝑃քӴ֎
եը tanिcos−φि𝑃𝐹࣑࣒࣒ ࣒࣒ ࣒࣒ ࣓

ք
եըीी (24)

∀𝑖 ∈ Γեը, 𝑠 ∈ Γմ  

๠e quadratic constraint (22) is the apparent power gener-
ation capacity of the DGs, (23) requires that a DG can only 
inject active power into the network, and (24) is the power 
factor limit for the DGs. 

G. Topological Constraints 

๠e network connectivity and the maximum number of 
basic loops allowed to be formed are controlled by (25)–(28) 
through fictitious demands that must be attended at all nodes. 

|Γկ | − |Γմմ| ≤ ం 𝑤քօ
մո

քօ∈္ԭ

≤ |Γկ | − |Γմմ| + 𝑁խձ  (25)

ం 𝑓օք
օք∈္ԭ

− ం 𝑓քօ
քօ∈္ԭ

+ 𝑔ք = 1 ∀𝑖 ∈ Γկ  (26)

ੵ𝑓քօੵ ≤ (|Γկ | − |Γմմ|)𝑤քօ
մո  ∀𝑖𝑗 ∈ Γգ (27)

0 ≤ 𝑔ք ≤ |Γկ | ∀𝑖 ∈ Γմմ  (28)

Constraint (25) controls the maximum number of basic 
loops in the network together with (26)–(28), that ensure the 
connectivity of the network, i.e., that there must be a path 
from each node of the network to an SS. Note that the model 
defines a single topology for the network that is adequate to 
operate in all scenarios. 

Since the network is connected [ensured by (26)–(28)], 
constraint (25) is used to control the maximum number of 
basic loops in the network. ๠e sum in (25) is equal to the 
number of branches with a closed switch. On the left-hand 
side of this constraint, we have |Γկ | − |Γմմ|, i.e., the cardinal-
ity of the set of nodes minus the cardinality of the set of SS 
nodes, which is equal to the number of load nodes. According 
to [27], |Γկ | − |Γմմ| is the number of switches that must be 
closed so that a connected topology is radial. On the right-
hand side of (25) we have |Γկ | − |Γմմ| + 𝑁խձ , where 𝑁խձ  is 
the number of basic loops allowed to be formed in the net-
work. ๠erefore, by letting 𝑁խձ = 0 we will obtain a radial 
topology for the network and by increasing 𝑁խձ  we can ob-
tain topologies with at most 𝑁խձ  basic loops. ๠is constraint 
is, therefore, used to control the topology of the network, to-
gether with (26)–(28), so that we do not obtain topologies 
with islanded nodes connected to DGs. 

Constraint (26) is a balance equation for the fictitious 
flows, which requires that the total value of fictitious flows 
entering a node is equal to the total value of fictitious flows 
leaving a node. ๠is equation is, therefore, the application of 
Kirchhoff’s current law to the fictitious flows. 

Constraint (27) limits the fictitious flow on branch 𝑖𝑗 ac-
cording to its status: if 𝑤քօ

մո = 0, then 𝑓քօ = 0, else, if 𝑤քօ
մո =

1 , −(|Γկ | − |Γմմ|) ≤ 𝑓քօ ≤ (|Γկ | − |Γմմ|) . Note that, since 
each node has a unity fictitious demand, the maximum ficti-
tious flow through a branch is going to be equal to the number 
of load nodes. 

Constraint (28) limits the fictitious generations at the SS 
nodes, 𝑔ք, to the number of nodes in the network. Since each 
node has a fictitious unity demand, the SSs must be able to 
satisfy this demand. ๠e total fictitious demand in the network 
is, therefore, equal to the cardinality of the set of nodes, |Γկ |, 
used as an upper bound for 𝑔ք . For the load nodes 
({Γկ − Γմմ}), 𝑔ք = 0. 

H. PV Hosting Capacity 

๠e PV hosting capacity model is described in (29)–(32), 
while (33) calculates the total emissions from the network. 
Fig. 4 illustrates the capacity curve of a PV unit. 

𝑃քӴ֎
ձշ = 𝜆քӴ֎

ձշ 𝑃ք

ձշ
− 𝑃քӴ֎

դ  ∀𝑖 ∈ Γձշ , 𝑠 ∈ Γմ  (29)

Fig. 3 Capability curve of a dispatchable DG. 

Fig. 4 Capacity of a PV unit. 
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0 ≤ 𝑃քӴ֎
դ ≤ 𝜆քӴ֎

ձշ 𝑃ք

ձշ
 ∀𝑖 ∈ Γձշ , 𝑠 ∈ Γմ  (30)

−𝑃քӴ֎
ձշ tan(cos−φ(𝑃𝐹 ք

ձշ )) ≤ 𝑄քӴ֎
ձշ

≤ 𝑃քӴ֎
ձշ tanिcos−φि𝑃𝐹࣑࣒࣒ ࣒࣒ ࣒࣒ ࣓

ք
ձշ ीी (31)

∀𝑖 ∈ Γձշ , 𝑠 ∈ Γմ  

ం ∆֎
յ 𝑃քӴ֎

դ

֎∈္Ծ

≤ 𝜓ք ం ∆֎
յ 𝜆քӴ֎

ձշ 𝑃ք

ձշ

֎∈္Ծ

 ∀𝑖 ∈ Γձշ  (32)

𝜛 = ం ం ∆֎
յ ि𝑒ք

մմ𝑃քӴ֎
մմ + 𝑒ք

եը𝑃քӴ֎
եըी

֎∈္Ծք∈္Թ

 (33)

Constraint (29) determines the active power injected by 
the PV unit at node 𝑖 according to the availability of the re-
newable resource in scenario 𝑠 , given by the parameter 
0 ≤ 𝜆քӴ֎

ձշ ≤ 1, the installed capacity 𝑃ք

ձշ
, and the active power 

curtailment 𝑃քӴ֎
դ . 

๠e power curtailment is constrained in (30), again ac-
cording to the maximum generation capacity of the PV unit 
and the availability of the renewable resource in scenario 𝑠. 
๠e reactive power injected by the PV unit is limited in (31). 

๠e total energy curtailment is limited according to (32). 
Note that the left-hand side of (32) provides the total energy 
curtailment for a period, while the right-hand side of this con-
straint is equal to the curtailment limit, 0 ≤ 𝜓ք ≤ 1, multiplied 
by the total value of the available energy (which is a function 
of the PV installed capacity). ๠erefore, when 𝜓ք = 0, no PV 

generation curtailment is allowed, and when 𝜓ք = 1  the 
model allows any value of curtailment (up to the maximum 
capacity available). 

Finally, the total CO2 emissions from the network is cal-
culated in (33). 

In the proposed formulation, the objective function (1) is 
linear, as well as constraints (2)–(6), (8)–(13), (18)–(21), and 
(23)–(33). Constraint (7) is a second-order cone constraint, 
while (14) and (22) are quadratic constraints. Due to the pres-
ence of the binary variables 𝑤քօ

մո  and 𝑦քӴֆӴ֎
դգ , the resulting for-

mulation is an MISOCP model, which can be solved by off-
the-shelf optimization solvers. 

III. TESTS AND RESULTS 
๠e proposed model is tested using a modified version of 

the 33-node network [28] shown in Fig. 5 (a), which operates 
at 12.66 kV and has a peak load of 6,092.62 kVA. ๠is net-
work has a 250 kVA dispatchable DG at node 29 with 
𝑃𝐹 ք

եը = 𝑃𝐹࣑࣒࣒ ࣒࣒ ࣒࣒ ࣓
ք
եը = 0.8. A switchable CB with two 150 kVAr 

modules is installed at node 16. A VR is installed at branch 
7–8, with a maximum regulation of 10% and ±16 positions, 
while the OLTC at the SS has ±16 positions with a maximum 
regulation of 5%. Nodes 22 and 33 are candidates for the in-
stallation of PV generation, for which 𝑃𝐹 ք

ձշ =  0.95 and 
𝑃𝐹࣑࣒࣒ ࣒࣒ ࣒࣒ ࣓

ք
ձշ = 0.90, and the maximum curtailment allowed is 𝜓ք = 

10%. 
Moreover, the proposed model is also tested on a modified 

version of the 85-node network [29], presented in Fig. 5 (b). 
๠is network has two SSs operating at 11.4 kV, one 250 kVA 
dispatchable DG at node 19 with 𝑃𝐹 ք

եը = 𝑃𝐹࣑࣒࣒ ࣒࣒ ࣒࣒ ࣓
ք
եը = 0.8, four 

CBs at nodes 7, 34, 45, and 79, each of them with two 300 
kVAr modules, and a peak load of 45,451.21 kVA. Nodes 12, 
29, 58, and 82 were selected to install PV generation, consid-
ering power factor limits of 𝑃𝐹 ք

ձշ = 0.95 and 𝑃𝐹࣑࣒࣒ ࣒࣒ ࣒࣒ ࣓
ք
ձշ = 0.90, 

and a maximum curtailment allowed of 𝜓ք = 10%. 
For both networks, the SS emissions factor is 𝑒ք

մմ = 2.17 
kg CO2/kWh, the DG emissions factor is 𝑒ք

եը =  0.63 kg 
CO2/kWh and the maximum and minimum voltage limits are 
1.05 p.u. and 0.95 p.u., respectively. To represent the load be-
havior and solar irradiation, historical data of a year are ob-
tained from [30] and the k-means clustering technique is used 
to reduce it to a suitable set of 24 scenarios using the proce-
dure described in [3]. 

๠e proposed formulation was implemented in AMPL 
[31] and solved with the commercial solver CPLEX v20.1.0 
[32] on a computer with a 3.2 GHz Intel® Core™ i7–8700 
processor and 32 GB of RAM. Complete data for both net-
works are available in [33]. 

A. Study Cases 
๠e maximization of the PV hosting capacity of the net-

work is analyzed considering the following four cases: 
I. Without considering network reconfiguration (the 

closed switches of the initial configuration of the 
network cannot be opened) and without considering 
Volt/VAr control (the adjustments of the SS’s OLTC, 
VR, and CB are fixed at their initial states)—as pro-
posed in [20]; 

II. Without considering network reconfiguration and 
considering Volt/VAr control (optimizing the opera-
tion of the SS’s OLTC, VR, and CB)—this proposal 
is presented in [21] only for radial configurations; 

(a) 

(b) 

Fig. 5 Initial configuration of the (a) 33-node and (b) 85-node networks. 
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III. Considering network reconfiguration and without 
considering Volt/VAr control; 

IV. Considering both network reconfiguration and 
Volt/VAr control—as proposed in this paper. 

In all cases, it is considered the closed-loop operation of 
the network. 

B. Discussion of the Results 

1) 33-node network 

Tables I–IV present the total hosting capacities for PV 
generation in the 33-node network obtained for Cases I–IV, 

respectively. ๠ese tables also provide the maximum capaci-
ties for PV generation integration at nodes 22 and 33, the con-
figurations of the network, represented by the open switches, 
and information on the expected values of CO2 emissions for 
each case. 

By analyzing Table I, it can be verified that the maximum 
value of PV generation that can be integrated into the 33-node 
network is 5,947.36 kW considering the initial topology of 
the network without performing Volt/VAr control. It can also 
be verified that the maximum penetration of PV generation 
can be increased by a further 68.71%, to 10,033.56 kW, by 
only closing branch 12-22, therefore forming one loop in the 

TABLE I 
RESULTS FOR THE 33-NODE NETWORK – CASE I: WITHOUT CONSIDERING NETWORK RECONFIGURATION AND VOLT/VAR CONTROL 

Results Radial 1 Loop 2 Loops 3 Loops 4 Loops 5 Loops
Total PV generation  
installed (kW) 

5,947.36 10,033.56 10,243.76 10,366.62 10,470.46 10,504.21

PV generation installed at 
nodes 22/33 (kW) 

1,815.42/4,131.94 5,948.31/4,085.25 3,833.30/6,410.45 3,974.40/6,392.21 3,484.96/6,985.50 4,479.78/6,024.43

Open switches 
8-21, 9-15, 12-22, 

18-33, 25-29
8-21, 9-15, 18-33, 

25-29
8-21, 9-15, 25-29 9-15, 25-29 25-29 –

Emissions from the main 
grid (tonnes) 

59,260.18 47,353.86 46,907.22 47,029.09 46,975.92 46,886.86

Emissions from the DG 
(tonnes) 

1,016.79 793.18 853.53 796.39 792.82 796.27

Total emissions (tonnes) 60,276.98 48,147.04 47,760.75 47,825.48 47,768.74 47,683.13

TABLE II 
RESULTS FOR THE 33-NODE NETWORK – CASE II: WITHOUT CONSIDERING NETWORK RECONFIGURATION AND CONSIDERING VOLT/VAR CONTROL 
Results Radial 1 Loop 2 Loops 3 Loops 4 Loops 5 Loops
Total PV generation  
installed (kW) 

8,254.36 10,174.00 10,318.03 10,422.54 10,491.57 10,530.28

PV generation installed at 
nodes 22/33 (kW) 

4,209.21/4,045.15 6,087.87/4,086.13 6,345.10/3,972.94 6,449.42/3,973.12 3,594.85/6,896.72 3,942.03/6,588.25

Open switches 
8-21, 9-15, 12-22, 

18-33, 25-29
8-21, 9-15, 18-33, 

25-29
9-15, 18-33, 25-29 18-33, 25-29 25-29 –

Emissions from the main 
grid (tonnes) 

45,580.13 46,452.71 45,607.38 45,484.46 45,426.47 41,181.94

Emissions from the DG 
(tonnes) 

1,193.61 614.61 804.69 797.51 788.06 840.54

Total emissions (tonnes) 46,773.74 47,067.32 46,412.07 46,281.97 46,214.53 42,022.48

TABLE III 
RESULTS FOR THE 33-NODE NETWORK – CASE III: CONSIDERING NETWORK RECONFIGURATION AND NOT CONSIDERING VOLT/VAR CONTROL 

Results Radial 1 Loop 2 Loops 3 Loops 4 Loops 5 Loops
Total PV generation  
installed (kW) 

10,224.64 10,396.16 10,426.75 10,457.46 10,490.64 10,504.21

PV generation installed at 
nodes 22/33 (kW) 

5,536.47/4,688.17 4,087.32/6,308.83 3,829.94/6,596.81 3,516.82/6,940.63 4,529.65/5,961.00 4,479.78/6,024.43

Open switches 
6-7, 14-15, 15-16, 

8-21, 25-29
6-7, 10-11, 14-15, 

25-29
10-11, 14-15, 

25-29 
10-11, 25-29 10-11 –

Emissions from the main 
grid (tonnes) 

46,855.22 46,852.33 46,958.45 46,932.86 46,892.29 46,886.86

Emissions from the DG 
(tonnes) 

807.86 823.60 807.85 809.06 799.56 796.27

Total emissions (tonnes) 47,663.07 47,675.93 47,766.30 47741.92 47,691.85 47,683.13

TABLE IV 
RESULTS FOR THE 33-NODE NETWORK – CASE IV: CONSIDERING BOTH NETWORK RECONFIGURATION AND VOLT/VAR CONTROL 

Results Radial 1 Loop 2 Loops 3 Loops 4 Loops 5 Loops
Total PV generation  
installed (kW) 

10,262.46 10,428.75 10,437.92 10,484.10 10,512.72 10,530.28

PV generation installed at 
nodes 22/33 (kW) 

5,550.09/4,712.37 4,181.86/6,246.90 3,738.27/6,699.65 3,974.24/6,509.86 3,924.21/6,588.51 3,942.03/6,588.25

Open switches 
6-7, 8-9, 10-11, 

15-16, 25-29
6-7, 10-11, 14-15, 

25-29
10-11, 14-15, 

28-29 
10-11, 14-15 10-11 –

Emissions from the main 
grid (tonnes) 

42,464.53 42,007.52 41,608.38 41,312.00 41,373.60 41,181.94

Emissions from the DG 
(tonnes) 

807.65 793.46 829.96 819.45 794.51 840.54

Total emissions (tonnes) 43,272.19 42,800.98 42,438.33 42,131.45 42,168.12 42,022.48
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network. Moreover, by closing more branches, the maximum 
penetration of PV generation can be increased up to 4.69%, 
to 10,504.21 kW, when all switches are closed. 

By considering Volt/VAr control, Table II shows that the 
maximum penetration of PV generation can be increased by 
another 38.79%, to 8,254.36 kW, in relation to the initial ra-
dial configuration. By closing branch 12-22, the PV penetra-
tion can be increased by a further 23.26%, to 10,174.00 kW. 
๠e maximum PV penetration that can be achieved in this 
case is 10,530.28 kW, which represents an increase of 3.50% 
in relation to the solution with one loop. 

By performing network reconfiguration, without Volt/VAr 
control (see Table III), the PV penetration can be increased 
by another 71.92%, to 10,224.64 kW, in relation to the initial 
radial configuration. Note that this solution presents a hosting 
capacity for PV generation 0.50% higher than the solution 
obtained for Case II when one loop is allowed in the network. 
Moreover, in this case, by allowing closed-loop topologies, 
the PV penetrations can be increased up to 2.73%, to 
10,504.21 kW, when all switches are closed. Moreover, it can 
be verified that the solutions obtained for Cases I and III with 
five loops are the same because both cases are equivalent, i.e., 
without considering Volt/VAr control and with all switches 
closed. 

Finally, by analyzing Table IV, it is possible to verify that 
the penetration of PV generation can be increased by a further 
72.55%, to 10,262.46 kW, in relation to the initial radial con-
figuration. By allowing the formation of more loops in the 
network, the PV penetration can be increased by more 2.61%, 
up to 10,530.28 kW. 

๠erefore, it can be verified that network reconfiguration 
with simultaneous Volt/VAr control can provide more flexible 
solutions to the problem. For example, the solution with only 
one loop obtained in Case IV has a maximum PV hosting ca-
pacity that is 0.06% higher than the solution with three loops 
of Case II. Since the formation of many loops may bring 
problems to the network operation [19], the proposed ap-
proach can provide more suitable solutions to the problem. 

๠e computational times to solve all cases are always 
lower than four minutes. 

2) 85-node network 

Tables V–VIII present the results for the 85-node network 
for Cases I–IV, respectively. ๠ese tables provide the total PV 
hosting capacity of the network, the generation integration at 
nodes 12/29/58/82, the network topology, represented by the 
open switches, and information on the expected values of 
CO2 emissions. Moreover, only the solutions that present ra-
dial configuration, one loop, and the optimal number of loops 
(that present the highest penetration of PV generation) are 
presented in these tables. 

Results presented in Table V show that the maximum 
value of PV generation that can be integrated into the 85-node 
network disregarding any modification in the network is 
53,578.06 kW. It can also be verified that the maximum pen-
etration of PV generation can be increased by a further 
13.97%, to 61,061.49 kW, by allowing one loop in the net-
work. Note that, except for branch 14-18, which was closed, 
the states of all other branches in the system remain un-
changed in the solution with one loop. ๠us, only the value of 
the PV generation installed at node 12 is increased, since this 
node is part of the formed loop. ๠e values of PV generation 
installed at nodes 58 and 82 are the same when comparing the 
solution with radial topology and the solution with one loop, 
while the difference in the PV generation installed at node 29 
is negligible (around 0.005%). Moreover, by allowing 12 
loops in the network, the maximum penetration of PV gener-
ation can be increased 7.21%, to 65,461.19 kW.  

By analyzing Table VI, it can be observed that the maxi-
mum PV hosting capacity of the network considering the 
original radial topology but performing Volt/VAr control is 
53,703.35 kW. It is 0.23% higher than the value for the orig-
inal topology disregarding Volt/VAr control. On the other 
hand, by closing one single branch in the network, the PV 
hosting capacity of the network increases 16.32% to 
62,466.25 kW. In addition, a network topology with a single 
open switch allows increasing the PV hosting capacity of the 
network to 66,590.01 kW. 

Considering Case III, Table VII shows that the radial net-
work reconfiguration allows a PV hosting capacity of 
60,789.01 kW which is 13.46% higher than the PV hosting 
capacity of the original radial topology of the network. ๠is 
value increases 5.02% when the network reconfiguration con-
siders one loop in the topology. On the other hand, the solu-
tion with 8 basic loops in the network allows a PV penetration 

TABLE V 
RESULTS FOR THE 85-NODE NETWORK – CASE I: WITHOUT 

CONSIDERING NETWORK RECONFIGURATION AND VOLT/VAR 

CONTROL 
Results Radial 1 Loop 12 Loops
Total PV generation 
installed (kW) 

53,578.06 61,061.49 65,461.19

PV generation  
installed at nodes 
12/29/58/82 (kW) 

16,754.44/ 
11,123.91/ 
14,006.59/ 
11,693.12

24,238.44/ 
11,123.33/ 
14,006.59/
11,693.12

29,544.68/ 
8,181.54/ 

10,445.84/ 
17,289.14

Open switches 

5-55, 7-60, 11-43, 
12-72, 13-76, 14-18, 
16-26, 20-83, 28-32, 
29-39, 34-46, 40-42, 

53-64

5-55, 7-60, 11-43, 
12-72, 13-76, 
16-26, 20-83, 
28-32, 29-39, 

34-46, 40-42, 53-64

34-46

Emissions from the 
main grid (tonnes) 

377,574.69 351,003.46 343,590.55

Emissions from the 
DG (tonnes) 

682.99 565.61 712.05

Total emissions 
(tonnes) 

378,257.68 351,569.06 344,302.60

TABLE VI 
RESULTS FOR THE 85-NODE NETWORK – CASE II: WITHOUT 

CONSIDERING NETWORK RECONFIGURATION AND CONSIDERING 

VOLT/VAR CONTROL 
Results Radial 1 Loop 12 Loops 
Total PV generation  
installed (kW) 

53,703.35 62,466.25 66,590.01 

PV generation  
installed at nodes 
12/29/58/82 (kW) 

16,758.07/ 
11,120.58/ 
13,986.65/ 
11,838.05 

16,514.86/ 
10,957.57/ 
13,743.88/ 
21,249.94

25,078.38/ 
10,968.50/ 
11,252.74/ 
19,290.38 

Open switches 

5-55, 7-60, 11-43, 
12-72, 13-76, 14-18, 
16-26, 20-83, 28-32, 
29-39, 34-46, 40-42, 

53-64 

5-55, 7-60, 11-43, 
12-72, 13-76, 14-18, 
16-26, 28-32, 29-39, 
34-46, 40-42, 53-64

53-64 

Emissions from the 
main grid (tonnes) 

375,974.38 348,413.09 339,894.52 

Emissions from the 
DG (tonnes) 

953.53 669.59 653.41 

Total emissions 
(tonnes) 

376,927.91 349,082.68 340,547.93 
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of 65,666.78 kW, which is 8.02% higher than the solution ob-
tained through radial reconfiguration. 

As presented in Table VIII, when allowing network recon-
figuration and Volt/VAr control, the network has higher val-
ues of PV penetrations. Considering radial reconfiguration, 
the PV penetration is 18.55% higher than the PV penetration 
allowed with the original network. ๠is PV penetration in-
creases 3.06%, to 65,460.81 kW, with a single loop in the net-
work. Finally, a network topology with 11 basic loops in the 
one that allows hosting 66,670.80 kW of PV generation, 
which is the highest PV penetration for this network with the 
presented consideration. 

For the topology with all switches closed, it can be veri-
fied that the maximum PV penetration for the 85-node net-
work is 66,558.30 kW when Volt/Var control is considered. 
For this solution, the values for the PV generation installed at 
nodes 12/29/58/82 are, respectively, 25,382.84 kW, 
10,723.15 kW, 10,708.10 kW, and 19,744.21 kW. ๠e values 
for the emissions from the main grid and DGs are, respec-
tively, 339,738.56 tonnes and 685.84 tonnes. ๠e total emis-
sions are 340,424.40 tonnes. Note that, for this solution, the 
value for the maximum PV penetration is lower than the value 
of maximum PV penetration obtained with 11 basic loops 
shown in Table VIII (66,670.80 kW). For this system, it can 

be verified that not necessarily an all-closed-switches opera-
tion configuration is the topology with the highest hosting ca-
pacity. 

Moreover, with only a few loops, it is possible to obtain 
high-quality solutions for the problem. Note that, as the num-
ber of loops in the network increases, the additional increase 
in the host capacity usually decreases. ๠us, it would be ade-
quate to operate the network with only a few loops. 

For both networks, the obtained solutions were evaluated 
with a power flow algorithm, in order to verify the operational 
limits of the network. It was verified that all solutions pre-
sented in this work are feasible. 

IV. CONCLUSIONS 

๠is paper presented a novel stochastic mixed-integer sec-
ond-order cone programming model for the problem of short-
term planning of active distribution networks for increasing 
the photovoltaic (PV) generation hosting capacity of the net-
work. ๠e operational actions included Volt/VAr control and 
network reconfiguration. 

Volt/VAr control was considered through the optimal ad-
justment of capacitors banks, substations’ on-load tap chang-
ers, and voltage regulators. Besides that, the formulation con-
sidered network reconfiguration with both radial and closed-
loop operation. 

๠e obtained results showed a higher capacity for PV gen-
eration penetration and CO2 emissions mitigation when 
Volt/VAr control and reconfiguration with closed-loop topol-
ogies were considered. Moreover, it was demonstrated that 
more flexibility is achieved when both reconfiguration allow-
ing closed-loop operation and Volt/VAr control are consid-
ered simultaneously in the problem. ๠us, the alternative of 
performing Volt/VAr control and network reconfiguration al-
lowing closed-loop topologies in active distribution networks 
can provide more environmentally friendly and efficient op-
eration schemes postponing the necessity of investments for 
reinforcing the network structure. 

Finally, it is important to highlight that solutions with only 
a few loops present a high increase in the hosting capacity 
value in relation to the radial configuration. Additional loops 
present a lower marginal increase to the value of the hosting 
capacity, or can even reduce the hosting capacity of the net-
work when almost all switches are closed. Future works will 
include the lifetime of the switches and Volt/VAr control de-
vices in the formulation. 
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