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Abstract: In this paper, a multiobjective approach to carry out the planning of medium-voltage
(MV) and low-voltage (LV) distribution systems, considering renewable energy sources (RES) and
robustness, is proposed. Due to the uncertainties associated with RES and demand, the proposed
planning methodology takes into account a robust planning index (RPI). This RPI allows us to
evaluate the robustness estimation associated with each planning solution. The objective function
in the mathematical model considers the costs of investment and operation and the robustness of
the planning proposals. Due to the computational complexity of this problem, which is difficult to
solve by means of classical optimization techniques, MV/LV planning is solved by a decomposition
search and a general variable neighborhood search (GVNS) algorithm. To demonstrate the efficiency
and robustness of this methodology, tests are performed in an integrated distribution system with
50 MV nodes and 410 LV nodes. Our numerical results show that the proposed methodology makes
it possible to minimize costs and improve robustness levels in distribution system planning.

Keywords: MV/LV distribution system planning; robustness of planning; general variable
neighborhood search; renewable energy sources

1. Introduction

The philosophies and techniques applied to the planning of medium-voltage (MV) and
low-voltage (LV) distribution systems have evolved according to physical, economic, political, social,
and environmental requirements. These requirements, which must be met by the distribution
companies (DISCOs), relate to:

- The need to reduce the costs associated with distribution system planning, taking into account
the different devices and equipment that can be integrated into the network during the planning and
operation phases, such as distributed generation (DG);

- The reliability, continuity, and operational conditions of the system, imposed by the
regulatory agencies;

- The need to reduce environmental impacts, especially those related to greenhouse gas emissions,
considering renewable energy sources (RES) and losses and enabling the electrification of fossil fuel
technology (e.g., transitioning to electric vehicles); and

- The growth of energy consumption globally, and so on.
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In view of these requirements, RES need to be considered in the mathematical models of MV and
LV distribution system planning. The connection of RES in distribution systems has a direct impact on
planning decisions, reducing investment and operating costs, improving power quality and network
reliability, and reducing environmental impacts [1–5].

RES have become prominent in the modeling of distribution systems planning, due to a need for
energy generation sources that meet the current environmental policies, competitiveness in energy
commercialization, and the large volume of natural resources (sun and wind), available in certain
regions [1–5].

On the other hand, RES depend directly on climatic variables, which change constantly and,
therefore, are difficult to determine accurately over a period of time [4,5]. Thus, considering RES in
the planning phase can generate unreliable operation conditions of distribution systems. In this way,
the mathematical models and solution techniques employed in distribution system planning have
become even more complex. Hence, methodologies based on the generation of adequate scenarios are
necessary to consider the variation of these climatic parameters in distribution system planning [4,5].

Therefore, variations in demand, wind speed, and solar irradiation parameters may lead to
overcurrent in conductors, overvoltage and/or undervoltage in the system, and overpower in
substations and distribution transformers. Therefore, it is necessary to propose distribution system
planning methodologies that find solutions from an economic and robust point of view. In this paper,
robust solutions are defined as solutions with a lower risk of exceeding the physical and operational
limits of the distribution system. Thus, DISCOs can decide the most viable option in a technical and
economical way among many possible solutions, taking into account the trade-off between these costs.

In the literature, there exist several works that have carried out distribution system planning
with DG, considering them either as the property of DISCOs [1–26] or belonging to independent
owners [25,26]. The different perspectives of distribution system planning with DG as operated by a
DISCO include optimal allocation seeking power loss reduction [6–9], improvement of voltage and
current levels [10–22], system reliability [13,21], maximum generation capacity [23,24], and analysis of
the uncertainties related to RES [4,5]. In the case where DG belongs to independent producers, the
objectives considered in the literature are mainly related to analyzing the impacts caused by them in
distribution networks, aiming for a reduction of planning costs and system load growth, the maximum
capacity of power injected by DG, implications in co-ordination, and control of distribution system
protection, among other aspects [25,26].

Some works have addressed MV and LV distribution system planning including DG as two
independent problems, considering DG owned by DISCO [1–26]. On the other hand, others works
have carried out the planning of MV and LV systems together, without consideration of RES. Moreover,
most of them have carried out MV/LV planning with many simplifications in the mathematical model,
based on practical experience and the hierarchy of MV and LV planning problems [27–31].

In the literature, there are some papers that have proposed methodologies to find more
conservative planning solutions (due to the uncertainties related to demand and generation), which
have used robust optimization, a totally different modeling methodology. In [32], a robust planning
methodology was proposed to identify the timing of feeder reinforcements. In [33], a probability-weighted
robust approach was proposed to optimize DG sizing and location under the worst uncertainty cases.
In [34], a robust chance-constrained approach was utilized to deal with the uncertainties of RES and
loads. In [35], a grey wolf optimization algorithm was applied to solve a robust design of microgrids
with a reconfigurable topology under uncertainties.

In this paper, due to the uncertainties related to system demand and the power generated from
RES, a robust planning index is proposed. This index is a new approach that seeks to find conservative
solutions for distribution system planning. The advantages of this index, compared to other techniques
in the literature, are:

(1) the mathematical formulation of this index is ease to solve;
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(2) the robust planning index allows us to achieve solutions with a lower risk of overpower
in substations and distribution transformers, overcurrent in conductors, and overvoltage and
undervoltage at consumption points; and

(3) this index allows DISCOs to choose the level of robustness in the planning solutions.
The main objective of this paper is to present a methodology to carry out the MV and LV

distribution system planning together, considering the existence of RES belonging to independent
owners connected to the MV and LV networks. The proposed formulation seeks to obtain a single
solution that contemplates MV/LV integrated planning. Furthermore, instead of proposing a robust
optimization model, we propose an index that allows us to find robust and reliable planning solutions
with lower risks of overcurrent, overpower, overvoltage, and undervoltage.

The main contributions of this paper, when compared with others in the literature, are:
- We propose a robust planning index, with the aim of finding robust planning solutions and

reducing the risk of overpower, overvoltage, undervoltage, and overcurrent due to variations in system
demand and power generation from RES, which occur during system operations;

- We propose a decomposition approach in the solution search process to solve the MV/LV
distribution system planning problem;

- We consider RES in the MV/LV distribution system planning; namely, wind generators in the
MV system and solar generators in the MV and LV systems owned by independent producers;

- We consider the costs of poles, support structures, and the installation of shared lines in the
MV/LV distribution system planning (where shared lines are defined as lines in which there are MV
and LV cables); and

- We obtain the relationship between investment and operation costs versus the robustness of
each proposed solution in the MV/LV distribution system planning. In this way, DISCOs can choose
the most viable and reliable system design.

MV/LV distribution system planning is a mixed-integer non-linear programming problem.
The proposed planning framework in this paper aims to minimize the costs of investment (substations,
distribution transformers, poles, support structures, and MV and LV cables) and operation (power
losses from cables, substations, and distribution transformers) while maximizing the robustness of the
solutions. The constraints in the mathematical formulation were derived from [27–31], which include:

- Physical: the capacity of installed equipment, such as substations, distribution transformers,
cables, support structures, and so on;

- Operational: voltage and current levels, load balancing among the distribution system phases,
and maximum generation capacity of RES and connection ratios (voltage and current) in distribution
transformer installation nodes; and

- Economical: the financial resources available to perform the MV/LV distribution system
expansion planning.

The mathematical formulation used in this paper is not convex. Due to the great computational
complexity of this formulation, with a large number of binary variables and constraints, it becomes
extremely complicated to solve it using classical optimization techniques [36]. Thus, in this paper,
an MV/LV planning decomposition search with a general variable neighborhood search (GVNS)
metaheuristic is used to solve this problem. Planning action encoding is performed using the
node-depth representation, which allows us to store the network topologies obtained by the
neighborhood structures from GVNS in a fast and efficient way [37].

The paper is organized as follows. Section 2 presents the scenario generation methodology.
Section 3 presents the robust planning indices. Section 4 presents the mathematical formulation of
the MV/LV distribution system planning. Section 5 presents the proposed solution technique for
solving the mathematical model. Section 6 presents the numerical results obtained from an integrated
test system, with 50 nodes connected in MV and 410 nodes in LV. Section 6 also performs a detailed
analysis of the numerical results obtained with the case studies, showing the main differences among
them. Section 7 presents the conclusions obtained.
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2. Scenario Generation Methodology

At present, many consumers generate power through distributed generators, which can be
connected to distribution networks. In this paper, the formulation considers the RES in MV/LV
distribution systems to be owned by independent producers. During the planning phase, it is typically
considered that wind generators will be installed in the MV system and photovoltaic generators in the
MV and LV systems. Considering the stochastic nature of the load demand, as well as the parameters
of wind speed and solar irradiation that are responsible for determining the power generated by
RES, these parameters are obtained through scenario generation methodologies, which are based on
historical data [4,5]. This kind of methodology has the main objective of obtaining a set of scenarios
(i.e., values of system demand, wind speed, and solar irradiation) that is as close as possible to the
realistic behavior during the operation of a distribution system [4,5]. The scenarios obtained are used
for simulation of the operating system during the planning phase.

In the generation scenario methodology, the parameters of demand, wind speed, and solar
irradiation are obtained by means of a technique consisting of: (1) collecting historical data of system
demand, wind speed, and solar irradiation over a period of one year (8760 h); (2) turning all of the
historical data into per unit (pu) factors and arranging system demand data in descending order,
preserving the correlations with solar irradiance and wind speed data; (3) dividing the data ordered by
blocks, according to the pattern of demand uniformity; (4) from the blocks obtained with this division,
constructing the cumulative distribution function of each parameter for each block; (5) dividing the
blocks into a number of segments with their respective probabilities of occurrence; and (6) choosing
demand and generation factors, taking into account the average data of each segment [4,5]. The power
generated by photovoltaic cells and wind turbines is calculated through the models presented in [5]
(Equations (1)–(3)) and using the generation factor found in Step 6 of this methodology.

3. Robust Planning Indices

RES allocation can generate several benefits for distribution systems. The scenario generation
methodology used in this work considers that demand, wind speed, and solar irradiance parameters
are selected when considering the mean values of each segment. As they are mean values, these
parameters are below the maximum and above the minimum values, when compared with the
historical data of each segment [4,5].

On the other hand, the variables related to demand and wind and photovoltaic energy generation
may have variations throughout the operational scenarios, due to the uncertainties related to
consumption profiles and power generation depending on solar irradiation and wind speed factors.
In addition, a significant increase in system load may also occur. However, due to their physical
capacity limits, the substations, transformers, and cables in the system may not be able to provide
the necessary power for the distribution system. Similarly, a voltage drop or rise may occur in the
distribution system. For very complex problems, such as MV/LV distribution system planning, which
involves many integers and continuous and binary variables, a limited number of scenarios should be
used due to the computational time required to evaluate them. Therefore, it is necessary to perform
more investments in the distribution system to meet the system load. In this way, this paper presents
a methodology that allows us to find conservative planning solutions through a robust planning
index. This index allows us to estimate the robustness cost associated with each planning solution;
that is, finding a solution that is more resistant to variations in system demand and power generation.
Thus, with this index, the planning solution provides less risk to exceed the allowable voltage levels in
the nodes, currents in the cables, and power limits in substations and distribution transformers.

Equations (1) and (2) are based on the robustness indices of substations (RS) and distribution
transformers (RT), respectively. These indices calculate the power available at each equipment
(i.e., substation or transformer) to reach the maximum capacity. By maximizing Equations (1) and (2),
the risk of overpower in the distribution system is minimized.
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RS =
nyp

∑
t=1

∑
w∈ΩOS

∑
i∈ΩNSe

(
SSemax

k,i − SSei,w,t

SSemax
k,i

)
×WSew,t × sek,i, (1)

RT =
nyp

∑
t=1

∑
w∈ΩOS

∑
i∈ΩNTr

(
STrmax

k,i − STri,w,t

STrmax
k,i

)
×WTrw,t × trk,i. (2)

The robustness indices of the cables installed in MV (RCM) and LV (RCL) systems are proposed by
maximizing Equations (3) and (4), respectively. These equations ensure that the greater the difference
between the current through the cable and its maximum capacity, the lower the risk of overcurrent.

RCM =
nyp

∑
t=1

∑
w∈ΩOS

∑
ij∈ΩLM

∑
f∈ΩPh

(
Imax
ij − I f ,ij,w,t

Imax
ij

)
×WCMw,t × cmk,ij, (3)

RCL =
nyp

∑
t=1

∑
w∈ΩOS

∑
ij∈ΩLL

∑
f∈ΩPh

(
Imax
ij − I f ,ij,w,t

Imax
ij

)
×WCLw,t × clk,ij. (4)

Equations (5) and (6) are based on the voltage deviations of the MV (DMV) and LV (DLV) systems,
respectively. These equations ensure that the closer the voltage is to the limits, the greater the risk
of overvoltage and undervoltage in the distribution system. Therefore, by minimizing the voltage
deviation from its nominal value, we improve the voltage regulation of the network.

DMV =
nyp

∑
t=1

∑
w∈ΩOS

∑
i∈ΩNM

∑
f∈ΩPh

(
|Vnom

i −Vf ,i,w,t|
Vnom

i

)
×WMVw,t, (5)

DLV =
nyp

∑
t=1

∑
w∈ΩOS

∑
i∈ΩNL

∑
f∈ΩPh

(
|Vnom

i −Vf ,i,w,t|
Vnom

i

)
×WLVw,t. (6)

Equation (7) proposes an index based on the power injected into the network by RES (PIDG).
This equation ensures that the higher the power injected from RES, the greater the risk associated with
each planning solution. Therefore, this equation must be minimized.

PIDG =
nyp

∑
t=1

∑
w∈ΩOS

∑
i∈ΩDG

(
Pgi,w,t

Pgmax
i

)
×WDGw,t. (7)

The sum of Equations (1)–(7) determines the robust planning index (RPI), which is presented
in Equation (8). As Min f (x) = −Max − f (x), Equations (5)–(7), which are minimizations,
are transformed into maximizations to compose the RPI.

RPI = (RS + RT + RCM + RCL− DMV − DLV − PIDG). (8)

4. Problem Formulation

The mathematical model of the MV/LV distribution system planning considering RES can be
written as a bi-objective formulation, with a weighting factor (λ) between the investment and operation
costs and the robustness of the solution in the objective function (Equation (9)). As the mathematical
model is bi-objective, the factors of costs and robustness do not need to be in the same units of
measurement in the objective function.

The objective function in Equation (9) consists of the fixed costs of substations (CS), distribution
transformers (CT), and cables (CF); the variable costs of power losses in substations, distribution
transformers, and cables (CL); and the robust planning index (RPI). As the RPI must be maximized,
it is incorporated into the objective function (Equation (9)) as a negative value. Variable costs are
annualized in the mathematical formulation, due to the power loss costs of each year, while fixed costs
are not annualized as they are realized only once (i.e., at the beginning of system planning). RPI is not
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annualized because it is an index that measures the robustness of system planning. The mathematical
formulation of the MV/LV distribution system planning is:

min F = λ× (CS + CT + CF + CL) + (1− λ)× (−RPI), (9)

where:
- CS: investment costs of construction or repowering substations, described in (10);

CS = ∑
i∈ΩNSe

∑
k∈ΩSe

CSEk,i × sek,i (10)

- CT: investment costs of installation or exchange distribution transformers, described in (11);

CT = ∑
i∈ΩNTr

∑
k∈ΩTr

CTRk,i × trk,i (11)

- CF: costs of MV and LV feeders, which include the installation and exchange of MV and LV cables
(including isolated and shared cables, poles, and MV and LV supporting structures), as described
in (12);

CF = ∑
ij∈ΩLML

∑
m∈ΩCM

∑
n∈ΩCL

∑
p∈ΩCM

∑
q∈ΩCL

CC(m,n),(p,q),ij (12)

- CL: costs of power losses (Equation (13)), which include losses in MV cables (Equation (14)) and
LV cables (Equation (15)), substations (Equation (16)), and distribution transformers (Equation (17));

CL =
nyp

∑
t=1

[LMVt + LLVt + + LSEt + LTRt]× Tw,t × CLw,t ×
(

1
1 + ir

)t
, (13)

LMVt = ∑
w∈ΩOS

∑
ij∈ΩLM

∑
f∈ΩPh

[(
Vf ,i,w,t −Vf ,j,w,t

)
× I f ,ij,w,t × cmk,ij

]
, (14)

LLVt = ∑
w∈ΩOS

∑
ij∈ΩLL

∑
f∈ΩPh

[(
Vf ,i,w,t −Vf ,j,w,t

)
× I f ,ij,w,t × clk,ij

]
, (15)

LSEt = ∑
w∈ΩOS

∑
i∈ΩNSe

LISek +

(
SDSei,w,t

SSemax
k,i

)2

× LCSek × sek,i

, (16)

LTRt = ∑
w∈ΩOS

∑
i∈ΩNTr

LITrk +

(
SDTri,w,t

STrmax
k,i

)2

× LCTrk × trk,i

, (17)

- RPI: robust planning index of the MV/LV system planning, as described in Equation (8);

subject to:

- Kirchhoff’s laws, represented by the static power flow equations (in each operation scenario of
the planning horizon) described in Equations (18)–(21);

Pi,w,t(V, θ, cmk,ij)− Pgi,w,t + Pdi,w,t = 0, ∀i ∈ ΩNM, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (18)

Qi,w,t(V, θ, cmk,ij)−Qgi,w,t + Qdi,w,t = 0, ∀i ∈ ΩNM, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (19)

Pi,w,t(V, θ, clk,ij)− Pgi,w,t + Pdi,w,t = 0, ∀i ∈ ΩNL, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (20)

Qi,w,t(V, θ, clk,ij)−Qgi,w,t + Qdi,w,t = 0, ∀i ∈ ΩNL, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (21)
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- Physical and electrical voltage and current constraints associated with the connection points of
MV and LV systems (including the adjustment of tap transformers) described in Equations (22)–(24);

Vli,w,t = a×Vmi,w,t − Zk,i × Ili,w,t, ∀k ∈ ΩTr, ∀i ∈ ΩNTr, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (22)

a = 1± ∆tap, ∆tap ∈ ΩTP, (23)

Ili,w,t =
1
a
× Imi,w,t + Imagi,w,t, ∀i ∈ ΩNTr, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (24)

- The maximum operating capacity of substations and distribution transformers in each operation
scenario of the planning horizon, represented in Equations (25) and (26), respectively;

Scse
i,w,t × sek,i ≤ SSemax

k,i × sek,i, ∀i ∈ ΩNSe, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (25)

Sctr
i,w,t × trk,i ≤ STrmax

k,i × trk,i, ∀i ∈ ΩNTr, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (26)

- The maximum current limits in MV and LV cables (in each operation scenario of the planning
horizon), described in Equations (27) and (28), respectively;

|I f ,ij,w,t| ≤ cmk,ij × Imax
ij , ∀ f ΩPh, ∀ij ΩLM, ∀w ΩOS, ∀t = 1, ..., nyp, (27)

|I f ,ij,w,t| ≤ clk,ij × Imax
ij , ∀ f ΩPh, ∀ij ΩLL, ∀w ΩOS, ∀t = 1, ..., nyp, (28)

- The maximum financial resources available that can be allocated to carry out the MV/LV
distribution system planning, described in (29);

FR ≤ FRmax, (29)

- The maximum and minimum voltage limits allowed at the MV and LV consumption points (in
each operation scenario of the planning horizon), described in Equations (30) and (31), respectively;

Vmin
i ≤ Vf ,i,w,t ≤ Vmax

i , ∀i ∈ ΩNM, ∀ f ΩPh, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (30)

Vmin
i ≤ Vf ,i,w,t ≤ Vmax

i , ∀i ∈ ΩNL, ∀ f ∈ ΩPh, ∀w ∈ ΩOS, ∀t = 1, ..., nyp, (31)

- The uniqueness of the equipment installed in the distribution system for each planning action
(e.g., transformers, conductors, and substations), in addition to the binary nature of some variables
related to the planning, represented in Equations (32)–(36);

cmk,ij, clk,ij, sek,i, trk,i ∈ {0, 1} , (32)

∑
k∈ΩCM

cmk,ij ≤ 1, ∀ij ∈ ΩLM, (33)

∑
k∈ΩCL

clk,ij ≤ 1, ∀ij ∈ ΩLL, (34)

∑
k∈ΩSe

sek,i ≤ 1, ∀i ∈ ΩNSe, (35)

∑
k∈ΩTr

trk,i ≤ 1, ∀i ∈ ΩNTr, (36)

- Limits of active and reactive power from RES (in each scenario operating on the planning
horizon), described in Equations (37) and (38), respectively;
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Pgi,w,t ≤ Pgmax
i , ∀w ∈ ΩOS, ∀i ∈ ΩDG, ∀t = 1, ..., nyp, (37)

0 ≤ Qgi,w,t ≤ Pgi,w,t × tan(φ), ∀w ∈ ΩOS , ∀i ∈ ΩDG, ∀t = 1, ..., nyp. (38)

5. Solution Technique

To solve the MV/LV distribution system planning, a decomposition search with a general variable
neighborhood search (GVNS) algorithm is proposed. This metaheuristic is used due to the ease of
finding neighborhood solutions through planning actions. Furthermore, many papers in the literature
have used metaheuristics for solving distribution system planning problems [1–3,11,12,21,27,28].
Another reason for using the GVNS algorithm is that its division into levels allows for solving the
MV/LV planning problem using a decomposition search approach. The GVNS algorithm search
process is divided into two levels: upper and lower. The upper level is responsible for diversifying the
current solution, while the lower level aims to intensify the search process through a local search in the
current solution [38].

5.1. Codification

The codification of distribution system topologies is performed through node-depth encoding [37].
Through this encoding, two operators are used to generate the routing of MV and LV systems:
the preserve ancestor operator (PAO) and the change ancestor operator (CAO) [37]. Additionally,
this encoding makes it possible to use a backward/forward sweep power flow without any sorting by
layers [39]. The position, capacity, and definition of distribution transformers, substations, conductors,
and RES use a decimal base encoding.

5.2. Initial Solution

The initial solution of the MV/LV system is performed through a constructive heuristic.
This heuristic is presented in Algorithm 1.

Algorithm 1: Initial solution of the MV/LV system.
1: Randomly set the quantity, position, and capacity of transformers and substations in the

initial system, such that they can meet the demand.
2: repeat
3: Randomly select a distribution transformer that has not been chosen.
4: repeat
5: Connect the nearest disconnected LV node to the transformer
6: if the circuit is not radial then
7: Remove the last node connected to the circuit;
8: end if
9: until the maximum transformer capacity is reached

10: until all transformers are chosen
11: Connect all LV disconnected nodes to the nearest transformer, even if its maximum capacity

is reached.
12: Repeat the same procedure in Steps (2)–(11) for the entire MV system, in order to connect

the MV nodes to the substations.

From the initial solution, the operators PAO and CAO (using the node-depth encoding) are
applied to generate other network topologies [37]. These operators generate only radial topologies,
which is the way that distribution systems operate.

5.3. Decomposition Search Applied to the MV/LV Planning

The decomposition search approach proposed in this paper consists of dividing MV/LV planning
into two levels—upper and lower—as presented by the GVNS algorithm. The upper level is responsible
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for generating solutions for the MV system, while the lower level is used for generating solutions for
the LV system. Therefore, MV planning is performed entirely in the upper level of the GVNS algorithm
and LV planning in the lower level. Thus, each planning level has its neighborhood structures, which
are also divided into the neighborhood structures of the MV and LV systems, denoted by the sets k
and s, respectively.

The neighborhood structures of the MV system (set k), which are responsible for generating
solutions for the MV system, are divided into:

k = 1: position and power of substations;
k = 2: position and power of distribution transformers;
k = 3: MV routing system using the PAO;
k = 4: MV routing system using the CAO; and
k = 5: MV cable types.
The neighborhood structures of the LV system (set s), which are responsible for generating

solutions for the LV system, are divided into:
s = 1: load balancing among system phases;
s = 2: LV routing system through the PAO;
s = 3: LV routing system through the CAO; and
s = 4: LV cable types.
The central idea of this MV/LV planning decomposition search is to solve the LV systems for

each solution of the MV system generated at the upper level; that is, for each MV solution generated at
the upper level, a local search is performed to find the best LV system planning associated with this
solution. This decomposition search process is represented by Figure 1. The LV system planning at the
lower level is solved by the variable neighborhood descendent (VND) algorithm [38]. The search for
the best MV/LV planning solution is accomplished through an iterative process between the MV and
LV systems, considering the upper and lower level neighborhood sets.

Figure 1. Decomposition search.

The MV/LV system planning methodology using the decomposition search approach is presented
in Algorithm 2. The algorithm starts, at Line 1, by building an initial MV/LV system solution using
Algorithm 1. In Line 5, which represents the upper level, a solution for the MV system is generated
using the neighborhood structure of the set k. For each MV solution generated, a local search in the
lower level is performed using all LV neighborhood structures of set s (Lines 6–13). The stopping
criterion (Line 20) consists of a predetermined number of iterations, after verifying that there was no
improvement in the best solution found.
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Algorithm 2: MV/LV system planning methodology.
1: Generate an initial solution using Algorithm 1.
2: repeat
3: k← 1;
4: while k < kmax do
5: Generate an MV solution x

′
using the neighborhood k. Do s = 1.

6: while s < smax do
7: Perform a local search in x

′
using the neighborhood s. Let x′′ be the best solution found.

8: if f (x′′) < f (x
′
) then

9: x
′ ← x′′, s← 1;

10: else
11: s← s + 1;
12: end if
13: end while
14: if f (x

′
) < f (x) then

15: x ← x
′
, k← 1;

16: else
17: k← k + 1;
18: end if
19: end while
20: until the stopping criterion is satisfied

5.4. Heuristic for Meshed Networks

Distribution systems are typically designed as a meshed network. Meshed systems allow for
network reconfiguration in contingency cases through interconnection lines. Due to the complexity
associated with the power system protection of meshed networks, distribution systems operate in
a radial manner. The PAO and CAO used in this methodology always generate radial topologies.
Thus, in this paper, an algorithm is proposed to install interconnection lines in the distribution system.
Therefore, for each generated solution, Algorithm 3 is executed.

Algorithm 3: Heuristic for meshed networks.
1: Set a number of interconnection lines that can be installed. Connect these lines, randomly,

in possible routes that do not belong to the system topology. Evaluate this solution by Step 2.
2: Simulate a fault in each line of the system topology. The value of the objective function is

the sum of all disconnected loads for each fault.
3: repeat
4: Randomly choose one of the installed interconnection lines. Move this line to the nearest

interconnection line installation point. Evaluate this solution using the same criteria of Step 2.
5: if the solution found is better than the current solution then
6: replace the current solution by the solution found;
7: else
8: discard the solution found;
9: end if

10: until the stopping criterion is met

The stopping criterion used in this algorithm consists of a predetermined number of iterations in
which there is no improvement in the objective function.

5.5. Solution Evaluation

In this paper, original power flow equations are used to evaluate the planning solutions generated
by the GVNS algorithm [39]. Although MV/LV solutions search are generated in a decomposed
way, they are evaluated by a unique power flow, as the MV system influences the LV system and
vice versa [39]. For each solution of the LV system, a heuristic finds the best tap position of each
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distribution transformer. The equality constraints presented in Equations (18)–(24) of the mathematical
formulation are solved by a three-phase non-linear power flow [39]. The constraints presented in
Equations (25)–(31), (37) and (38) are evaluated using penalty techniques [1,21]. The constraints in
Equations (32)–(36) are guaranteed during the encoding phase.

6. Tests and Results

The algorithm was implemented in the C++ programming language, and tests were run on a
server with an Intel (R) Xeon (R) processor, CPU E5-2630 v2, 3 GB of RAM, and 2.60 GHz.

6.1. System Data

The proposed methodology was tested in an integrated MV/ LV distribution system composed
of 50 MV nodes and 410 LV nodes. The system had one substation, seven distribution transformers,
and some MV and LV lines in operation, providing energy to MV and LV consumers. A single-line
diagram of the test system is shown in Figure 2. Electrical, financial, and physical data of the system,
substations, distribution transformers, and MV and LV conductors, as well as the shared costs of
conductors, poles, and support structures between the MV and LV networks, annual interest rate,
power factor, the operating scenarios of our simulations, and the parameters used to calculate RPI
can be found in [40]. The costs of poles, support structures, and cables, in addition to shared lines,
were obtained using the table in [40]. This table presented the cost of installing or replacing a line with
cables (m, n) by cables (p, q), where m and p are MV cables and n and q are LV cables. The number of
years of the planning horizon was equal to five, which is a typically period considered for expansion
planning of distribution systems by DISCO.

Figure 2. Test system.
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In the test system used, it was considered that all nodes had the same demand and generation
profile, as such profiles in distribution systems typically show this behavior. However, different
demand and generation profiles for each bus could easily be incorporated into the problem, as these
values are parameters for the model. In all study cases, system operation was modeled using scenarios
that were generated by combining 8760 h of system demand, wind speed, and solar irradiation factors.
Table 1 presents the demand (Fd), wind speed (Fws), and solar irradiation (Fsi) factors found by
the scenario generation methodology presented in Section 2. Additionally, Table 1 presents the four
operation blocks used to form the scenarios for the study cases analyzed in this paper. In addition,
the time (Tb,t) (in hours) belonging to each operation block is also presented. Operating times of each
scenario (Tw,t) were found by dividing the number of hours of each block (Tb,t) by the number of
scenarios used per block.

Table 1. Operating scenarios.

Block Fd Fws Fsi Tb,t
(h)

1 0.802 0.459 0.147 3500.681 0.210 0.000

2 0.569 0.446 0.476 26500.480 0.209 0.012

3 0.416 0.456 0.430 39000.365 0.190 0.012

4 0.319 0.471 0.041 18600.282 0.164 0.000

In [40], the number of wind turbines and solar photovoltaic modules that were to be installed by
independent owners in the planned distribution system was presented. The maximum active power
generated by each wind turbine and photovoltaic module was 800 kW and 320 W, respectively. It was
considered that all surplus energy generated by these RES was injected into the system. This energy
surplus, which was obtained by a metering system, was considered as a credit to the consumer in
other operating scenarios, where its demand was greater than its generation.

6.2. Numerical Results

Our simulations were divided into four case studies. Cases I and II showed the difference
between MV/LV planning without considering the RPI and with the RPI, respectively. Case III showed
the difference in the MV/LV planning considering RES. Case IV showed the trade-off between the
costs of investment and operation versus the robustness of solutions in the MV/LV distribution
system planning.

To prove the performance of the proposed planning methodology through the GVNS algorithm,
several simulations were performed for the same case study. The algorithm found the same solution in
80% of tests, and in each case study, the variables of the problem were randomly initialized. Thus, the
algorithm usually found the same solution through different paths of the search space. Another factor
that demonstrated the efficiency and robustness of the algorithm, besides finding the same solution
in most cases, was the small error difference between the best and the worst solutions found by the
algorithm in the tests (i.e., less than 0.01%).

The results found by this algorithm were in accordance with the practical planning procedures
of distribution systems. Furthermore, all solutions met the mathematical model constraints and the
requirements of regulatory agencies for each operating scenario.
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6.2.1. MV/LV Planning: Fixed Weight Factor

Case Studies I, II, and III considered a fixed weight factor in the objective function. Cases
I and II performed MV/LV distribution system planning considering eight operational scenarios.
These scenarios were generated by combining the eight demand factors and operation times of each
block in Table 1. Case III considered 32 operational scenarios, which were obtained by combining the
parameters of demand, wind speed, solar irradiation, and operation scenario time of each block in
Table 1. The operating scenarios used in all case studies can be found in [40].

Case I: MV/LV distribution system planning was performed without considering the RPI; that is,
with a weight factor λ = 1 in the objective function. This case did not consider RES.

Case II: MV/LV distribution system planning was performed considering the RPI; that is, with a
weight factor λ = 0.5 in the objective function. This case did not consider RES.

Case III: MV/LV distribution system planning was performed considering RES. The RPI was not
taken into account, with a weight factor λ = 1 in the objective function.

The costs of solutions obtained for Cases I, II, and III and the computational times (T; seconds) are
presented in Table 2. Although the RPI was not taken into account in the objective function in Cases I
and III, this index was still calculated.

Table 2. Solutions (values: 103).

Case I Case II Case III

CS($) 1500.00 1950.00 1500.00
CT ($) 67.68 133.53 60.08
CF ($) 424.61 498.53 374.93
CL ($) 117.39 120.58 83.99
RPI 143.68 957.70 68.13
T (s) 2.63 2.94 10.28

Comparing Cases I and II, it can be observed that there was an increase in the costs of substations
by 30%, distribution transformers by 97.30%, and conductors, poles, and structures by 17.40%, when
the RPI was taken into account in the mathematical model. Case II had a significantly higher robustness
index, compared to Case I.

To show how the RPI influenced MV/LV planning, we compared the power of substations and
distribution transformers, current in cables, and voltage at consumption points, in relation to their
maximum limits, in Cases I and II. This analysis was performed by considering the peak load scenario.

In Cases I and II, one substation was installed at Node 21 and another at Node 23. In Case I,
the installed power in substations at nodes 21 and 23 were 17.5 MVA and 12.5 MVA, respectively;
in Case II, they were 20 MVA and 17.5 MVA, respectively. In Case I, the peak load scenarios in
these substations were 17.22 MVA and 12.47 MVA, respectively; in Case II, they were 17.02 MVA and
12.57 MVA, respectively. Therefore, in Cases I and II, there was 1.04% and 26.72% available power in
these substations, respectively, which could meet higher demand. This demonstrated that the RPI
(which was considered in Case II) reduced the risk of overpower in these substations.

Regarding distribution transformers, it was observed that, in Case I, there were 15 distribution
transformers that were very close to their maximum power limits, with a maximum capacity of 5%
available to meet higher demand. In Case II, there was no distribution transformer operating under
these conditions. The distribution transformer closest to its limit had 37.92% of power available to meet
other loads. In Case II, in addition to the higher cost of transformers, we noted that 47 transformers
were installed; whereas in Case I, only 34 transformers were installed.

Regarding the current levels in the MV and LV systems, the same behavior associated with
distribution transformers was verified. In Case I, there were six and 10 conductors in the MV
and LV systems, respectively, with a maximum of 5% of current capacity available. In Case II,
there were no conductors under these conditions in either the MV or LV system. In the MV and
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LV systems, the conductors closest to their limits had 21.95% and 9.27% of their current capacity
available, respectively.

We can observe that the voltage regulation was also better in Case II. In Case I, there were
23 consumption points with voltage deviation greater than 5% of their nominal power; meanwhile,
in Case II, there were no consumption points operating under these conditions. Figure 3 presents the
voltage levels of the LV system, which was the network with the largest voltage drop. The results
showed that the RPI improved the voltage stability in Case II.

Figure 3. Voltage in the LV system: Cases I and II.

The results presented in Case III showed that the higher the power injected by RES, the lower the
costs related to investments and operation. In Case III, there was a reduction of 11.23% in distribution
transformer costs; 11.70% in cable, pole, and structural costs; and 28.44% in power losses costs, when
compared to Case I. Furthermore, the results showed that the largest number of installed distribution
transformers occurred in Case II (with 47 transformers); while the smallest number of transformers
occurred in Case III (with 27 transformers). These results showed that the RPI (considered in Case II)
increased the number of transformers, and RES (considered in Case III) decreased this number. It can
also be noted that Case III had the lowest robustness index, while Case II had the highest one.

6.2.2. MV/LV Planning: Variable Weight Factor

A multiobjective approach was performed in Case IV, with the weight factor, λ, in the objective
function varying from λ = 0.1 to λ = 0.9, in increments of 0.1.

Case IV: MV/LV distribution system planning was performed considering RES and RPI. Several
cases were performed with 32 operating scenarios, searching for a trade-off between the costs of
investment and operation versus the robustness of solutions. Operating scenarios were obtained
from load demand, solar irradiation, and wind speed factors combined with the operation times of
each block.

Figure 4 presents the trade-off between investment and operation costs versus the robustness in
the proposed MV/LV planning solutions.

Figure 4. Frontier obtained: Case IV (values: 106).

The results obtained showed that, for example, for Solution A (with λ = 0.9) in Figure 4,
the investment and operation costs were lower compared with the other solutions; the robustness was
lower as well. On the other hand, in Solution C (with λ = 0.1), the investment and operating costs in
the distribution system were higher compared with the other cases, and the robustness index was also
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greater. Solution B provided an intermediate solution between the costs of investment and operation
and robustness. Thus, in Solution A, there was a higher risk that the physical and operational
characteristics of the equipment were exceeded and an overpower, overvoltage, or overcurrent
occurred. Therefore, with these results, the DISCO could choose the most viable planning solution,
considering their physical, economic, environmental, and robustness criteria. For a more detailed
analysis, the costs from λ = 0.1 to λ = 0.9, including the costs of Solutions A, B, and C (with λ = 0.9,
λ = 0.4, and λ = 0.1, respectively), are presented in Table 3.

Table 3. Solutions (values: 103).

Case IV

λ = 0.1 (C) λ = 0.2 λ = 0.3 λ = 0.4 (B) λ = 0.5 λ = 0.6 λ = 0.7 λ = 0.8 λ = 0.9 (A)

CS ($) 2700.00 2700.00 2550.00 2100.00 1800.00 1650.00 1500.00 1500.00 1500.00
CT ($) 188.06 179.68 163.67 139.94 119.28 91.78 83.94 72.49 64.42
CF ($) 767.46 724.38 711.12 586.18 468.44 437.70 421.76 401.33 408.11
CL ($) 115.75 115.13 108.89 99.47 104.21 98.65 91.11 92.40 90.41
RPI 1461.87 1455.99 1381.92 993.54 707.97 490.28 198.30 124.63 99.14
T (s) 9.78 10.32 9.29 10.56 11.9 12.6 8.81 9.39 9.84

The results in Table 3 show an increase of the costs of substations by 80%, distribution transformers
by 191.93%, and for conductors, poles, and structures by 88.05%, when comparing Solutions A and C.
On the other hand, Solution C was much more robust and resilient than Solution A. In Solutions A
and C, one substation was installed at Node 21 and another at Node 23. In Solution A, the installed
power capacities in these substations were 17.5 MVA and 12.5 MVA, respectively; for Solution C, these
were both 25 MVA. In Solution A, the peak load scenarios in these substations were 16.51 MVA and
12.04 MVA, respectively; for Solution C, these were 17.47 MVA and 10.95 MVA, respectively. Therefore,
in Solutions A and C, there was 5.08% and 75.92% available power at the substations, respectively,
to meet higher demand. Regarding the distribution transformers, in Solution A, there were three
distribution transformers with a maximum 5% of available power capacity. In Solution C, there was no
distribution transformer under these conditions. The results presented in Solution C thus reduced the
risk of overpower in substations and distribution transformers. Regarding current levels, in Solution
A, there were six and 16 cables in the MV and LV systems, respectively, with a maximum of 5% of
available current capacity. In Solution C, there were no conductors in the MV and LV systems under
these conditions, reducing the risk of overcurrent. Regarding the voltage levels, in Solution A, there
were 10 consumption points with voltage deviations greater than 5%; in Solution C, there were no
consumption points under these conditions, reducing the risk of overvoltage and undervoltage in the
distribution system.

The results showed that the weight factor value, besides influencing the investment and
operation costs, also influenced the number of distribution transformers installed. For the case
with λ = 0.1, forty-seven transformers were installed; whereas, with λ = 0.9, thirty-three transformers
were installed.

For a better understanding of the MV/LV integrated planning performed in this work, we present
the single-line diagrams for Solution B in Figure 5 and for solutions A and C in the Appendix A
(Figures A1 and A2). Through these figures, it is possible to visualize all the routes of the MV, LV,
and MV/LV shared lines installed, interconnection lines, as well as the positions and capacities
of distribution transformers installed, substation capacities, and the positions of wind and solar
generators considered in the MV/LV planning.

From the case studies analyzed, it could be verified that the most drastic cost reduction occurred
in MV, where the highest power injection was concentrated by the wind generators when compared to
LV. In addition, it was found that the lowest investment costs occurred when the RES were closer to
the demand points of the system. RES also allowed us to reduce the values of currents and to increase
the levels of the voltage magnitudes, improving the standards of operation of the planned system.
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The routes of MV feeders and LV circuits for the distribution system were different for most case
studies analyzed. The quantity, position, and capacity of the distribution transformers, in addition to
the types of MV and LV conductors installed, were also different. This showed that RES and the RPI
influenced MV/LV solution planning.

Figure 5. Solution B.

7. Conclusions

The proposed solution technique using an MV/LV planning decomposition search approach
with the GVNS was shown to be robust and efficient. The results obtained through the proposed
methodology showed that it was possible to find robust and resilient solutions, besides reducing the
investment and operation costs of a distribution system, with the integration of RES.

The RPI proposed in this paper was able to find more conservative and resilient MV/LV planning
solutions, with lower risks of overpower, overvoltage, and overcurrent occurrences. On the other hand,
it could be observed that solutions with lower robustness were economically more attractive, whereas
solutions with greater robustness were more expensive, but more reliable and resilient.

RES reduced the infrastructural costs of the network, such as distribution transformers,
conductors, poles, isolated support structures, and shared MV/LV lines, as well as the costs of
system losses. RES also allowed for increasing the voltage levels at the load points, thus improving the
efficiency and quality standards of the system. Regarding the environmental aspects, RES also allowed
us to reduce the amount of greenhouse gas emissions.

Therefore, the proposed methodology appeals to engineers responsible for distribution system
planning, providing a more realistic decision-making framework that takes into account how to reduce
the costs of investment and operation while preserving the necessary robustness inherent in MV/LV
planning solutions. In this way, DISCOs can choose the level of robustness of the distribution system,
taking into account their financial constraints.
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Nomenclature

Sets
ΩCM, ΩCL set of conductor types of the MV and LV systems, respectively
ΩDG set of renewable generation units
ΩLM, ΩLL set of existing and future lines of MV and LV systems, respectively
ΩLML set of existing and future lines of the MV/LV system
ΩNM, ΩNL set of nodes of MV and LV systems, respectively
ΩNSe, ΩNTr set of nodes of existing or proposed substations and transformers, respectively
ΩOS set of operating scenarios
ΩPh set of system phases a, b, and c
ΩSe, ΩTr set of substation and distribution transformer types, respectively
ΩTP set of transformer tap positions
Parameters
a tap variation of distribution transformer
CC(m,n),(p,q),ij cost to change cables (m, n), where m is an MV cable and n is an LV cable, for cables

(p, q), where p is an MV cable and q is an LV cable, in branch ij ($)
CLw,t cost of losses in scenario w, in year t ($/MWh)
CSEk,i, CTRk,i cost of substation and transformer k installed at bus i, respectively ($)
FRmax maximum financial resource for planning ($)
Imax
ij maximum current through line ij (A)

ir annual interest rate (%)
LISek, LCSek losses of iron and copper in substation k, respectively (MW)
LITrk, LCTrk losses of iron and copper in transformer k, respectively (MW)
nyp number of years of the planning horizon
Pdi,w,t, Qdi,w,t active and reactive power demand at bus i in scenario w, in year t, respectively

(MW, MVAr)
Pgmax

i maximum active power generation from DG at bus i (MW)
SSemax

k,i , STrmax
k,i maximum loading of substation and transformer k installed at bus i, respectively

(MVA)
Tb,t duration of each operation block b in year t (h)
Tw,t duration of each operation scenario w in year t (h)
tan(φ) power factor
Vmin

i , Vmax
i minimum and maximum voltage limits at bus i, respectively

Vnom
i nominal voltage at bus i

WDGw,t robust index weight associated with the DG in operating scenario w in year t
WMVw,t, WLVw,t robust index weight associated with the voltages of MV and LV systems in

operating scenario w, in year t, respectively
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WCMw,t, WCLw,t robust index weight associated with the current through cables installed in MV
and LV systems in operating scenario w, in year t, respectively

WSew,t, WTrw,t robust index weight associated with substations and distribution transformers in
operating scenario w, in year t, respectively

Zk,i impedance of distribution transformer k installed at bus i (%)
∆tap discretisation interval of transformer tap
λ weight factor associated with the objective function
Variables
cmk,ij, clk,ij binary decision variable that defines the operation of MV and LV cables of type k

in branch ij, respectively
FR financial resource for planning ($)
I f ,ij,w,t current in phase f , through line ij in scenario w, in year t (A)
Imi,w,t, Ili,w,t currents at the MV and LV levels, in transformer i in scenario w, in year t,

respectively (A)
Imagi,w,t magnetizing current of the MV/LV distribution transformer at node i in scenario

w, in year t (A)
LMVt, LLVt power losses in the cables of MV and LV systems in year t, respectively (MW)
LSEt, LTrt power losses at substations and transformers in year t, respectively (MW)
Pi,w,t, Qi,w,t active and reactive power injections at bus i in scenario w, in year t, respectively

(MW, MVAr)
Pgi,w,t, Qgi,w,t active and reactive power generated at bus i in scenario w, in year t, respectively

(MW, MVAr)
SDSei,w,t power demanded by substation i in scenario w, in year t (MVA)
SDTri,w,t power demanded by transformer i in scenario w, in year t (MVA)
Scse

i,w,t, Sctr
i,w,t power consumption in substation and transformer i in scenario w, in year t,

respectively (MVA)
sek,i, trk,i binary decision variable for the installation of substations and distribution

transformer of type k at bus i, respectively
SSei,w,t, STri,w,t power supplied by substation and transformer i in operation scenario w, in year t,

respectively (MVA)
V voltage in the node
Vf ,i,w,t, Vf ,j,w,t voltage magnitude in phase f , at nodes i and j in scenario w, in year t, respectively

(V)
Vmi,w,t, Vli,w,t input voltage magnitude of the MV system and output of the LV system in

transformer i in scenario w, in year t, respectively (V)
θ nodal phase angle
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Appendix A

Figure A1. Solution A.

Figure A2. Solution C.
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