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This paper presents a methodology for active distribution networks dynamic expansion planning based
on Genetic Algorithms, where Distributed Generation integration is considered together with conven-
tional alternatives for expansion, such as, rewiring, network reconfiguration, installation of new protec-
tion devices, etc. All aspects related to the expansion planning problem, such as multiple objective

analysis, reliability constraints, modeling under uncertainties of demand and power supplied by Distrib-
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uted Generation units and multistage planning, which are usually dealt with separately, are considered in
an integrated model. Uncertainties are represented through the use of multiple scenario analysis. Multi-
ple stages are incorporated by an algorithm based on the pseudo-dynamic programming theory. Results
obtained with a test system and with an actual large scale system are presented and demonstrate the
flexibility of applying the model for different purposes active network planning.
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1. Introduction

The major problem of the dynamic expansion planning of distri-
bution networks consists in determining the place, the capacity and
the appropriate stage of reinforcement installation, based on the de-
mand and the region geographical, political and economical data.
Dynamic planning is conducted considering several stages and seeks
to define the capacity of the reinforcements and where and when
they should be installed to meet growing demand with minimal cost
and acceptable quality standards. Conventional alternatives for
expansion are rewiring, network reconfiguration by closing nor-
mally opened switches (NO) for load transfer, installation of new
NO switches, capacity expansion or construction of new substations,
installation of new feeders, among others. Currently, the installation
of Distributed Generation (DG) units or the purchase of energy from
DG enterprises can also be considered to meet the growing demand.
Distribution utilities are usually hesitant to allow autonomous oper-
ation of DG because of their major impacts on system operation and
protection. However, distribution systems are in the era of transition
from passive networks with unidirectional flow supplied by the
transmission grid to active distribution networks with the integra-
tion of DG [1]. Active distribution networks need flexible and intel-
ligent planning methodologies in order to properly exploit the
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integration of DG and demand side management while still satisfy-
ing quality and reliability constraints.

Planning depends on two basic parameters: technical constraints
(equipment capacity, voltage drop, radial structure of the network,
reliability indices, etc.) and the optimization of economical targets
such as minimization of investment and operating costs, minimiza-
tion of energy imported from transmission, energy loss and reliabil-
ity costs.

Important papers on passive distribution network planning are
available. An algorithm based in the Branch Exchange technique is
presented in [2], where the objective is to determine a radial struc-
ture for multistage planning that minimizes the system investment
and operating costs, considering failures of equipment. Algorithms
based on the pseudo-dynamic theory are presented in [3,4] aiming
at obtaining the most favorable multistage expansion planning. An
algorithm based on dynamic programming is presented in [5] for
DG allocation for loss reduction and reliability improvement.
Meta-heuristic optimization methods, particularly Genetic Algo-
rithms (GA), have been applied in this area. Multistage distribution
network expansion planning is analyzed in [6] through GA, while a
method composed by two GA acting interlinked is presented in
[7]. A non-dominated sorting GA is presented in [8] for optimally
reconfiguring the network to minimize its operating costs. Fuzzy
Dynamic Programming is applied in [9] for planning for a given per-
iod of tariff control.

This paper presents a methodology for dynamic expansion
planning of active distribution network, based on Genetic Algo-
rithms, where conventional alternatives for expansion such as
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rewiring and installation of new feeders, network reconfiguration
by changing the status of switches, installation of new switches
and protection devices, are considered together with installation
or energy purchase from Distributed Generation. Multiple objec-
tives optimization is applied concerning reliability, energy losses,
transmission power import and investment costs. Uncertainties re-
lated to demand and power supplied by DG units are represented
through multiple scenario analysis. A model that considers multi-
ple stages of expansion has been developed based on the pseu-
do-dynamic programming theory aiming at determining the
place and capacity of the reinforcements to be installed as well
as the appropriate stage for installation. Results are presented for
a test system and for an actual large scale system based on an
implementation of the proposed methodology in MATLAB.

The novelty of this proposal is to have an integrated model that
deals with almost all aspects of active distribution network expan-
sion planning in one single model. It analyses DG integration to-
gether with conventional expansion alternatives, incorporating
generation and load uncertainties, taking into consideration reliabil-
ity, losses and costs multiple objectives in a multistage planning
algorithm. The papers cited in the literature survey either evaluate
separately the impact of DG installation, or deal with multiple objec-
tives, or propose a method to incorporate uncertainty or present a
multistage algorithm. The purpose of the model is to enable an inte-
grated analysis of all these aspects or even evaluate only the desired
ones. The integrated planning will be a requirement as DG employ-
ment changes from the “fit-and-forget strategy” to a coordinated
integration in modern active distribution networks.

2. Expansion planning based on Genetic Algorithms

The methodology proposed to solve the problem of expansion
planning of active distribution networks uses Genetic Algorithms
for Multi-objective Optimization considering uncertainties and
multiple stages. The main advantages of GA when compared to clas-
sical optimization methods are the possibility of representing any
kind of objective functions and constraints, independently of
being continuous, discrete, linear or non-linear, and the ability to
deal with complex problems with very large search space. There-
fore, this technique is a natural candidate to solve this problem.
On the other hand, GA demands high computational effort and does
not guaranty to obtain the optimal global solution. These features,
however, do not prevent the application of GA to planning prob-
lems, since the objective is to obtain a good alternative for expan-
sion and not only the global optimum without major concerns
about the computational efficiency.

The solution obtained by the methodology is a radial network
that minimizes the adopted objective function. The objective func-
tion (obf) is composed by: (i) annualized energy loss costs; (ii)
annualized expected value for non-distributed energy costs; (iii)
annualized costs of investments in distribution network reinforce-
ment and (iv) annualized costs of energy imported from transmis-
sion, as shown in the following equation:

Obf = Closses + ECOST + Ciny + Ctrans (])

where Cjosses 1S the annualized energy loss costs, ECOST the expected
value of non-distributed energy costs, C;,,, the annualized costs of
system investments, and Cqys is the annualized costs of energy im-
ported from transmission system.

The constraints of active and reactive power balance, bus volt-
age limits, power flow limits, network radial structure and expan-
sion planning alternatives limits are considered in the optimization
process.

Therefore, the expansion planning problem formulation may be
represented as (2):

Min obf
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where Pg;, Qg; is the active and reactive generation at bus i, respec-
tively; Pl;, Ql; the active and reactive load at bus i, respectively; py;, g
the active and reactive power flow at element i-j, respectively; Q;
the set of elements connected to bus i; V; the voltage at bus i;
Vi yinX the minimum and maximum voltages at bus i, respec-
tively; pg“", pi™ the minimum and maximum power flows at ele-
ment i-j, respectively; PL; the DG penetration level at bus i; PL™*
the maximum DG penetration level at bus i; NL,, the number of
energized lines; NB the number os buses; Nyec,n, the number of net-
work reconfigurations (switches operations); Ny, the number of
new switches; Npc the number of new DG units; N, the number
of lines rewiring; Nycp the number or new connected load points;
Npa  the maximum number of network reconfigurations; Npuy
the maximum number of new switches; Ny2* the maximum num-
ber of new DG units; Nyex, the maximum number of lines rewiring;
Ny& is the maximum number or new connected load points.

The Genetic Algorithm uses binary codification and the chromo-
some may be divided in four parts, as represented in Fig. 1.

The first part of the chromosome refers to the possibility of net-
work topology changes through changes in the status of some
switches already installed or through the installation of new
switches. In this case, 3 bits are used resulting in 8 possibilities
for each alternative as shown in Table 1.

The radial structure of the network is one of the most difficult
requirements to be ensured in distribution expansion planning
models since it is not simple to represent this constraint by analyt-
ical equations. In the network reconfiguration problem, a switch-
ing operation involves the status change of two different
switches in order to maintain the radial structure. For example,
closing a NO switch causes the formation of a network loop and
therefore another Normally Closed (NC) switch in the same loop
must be opened to restore the radial structure. A necessary but
not enough condition to ensure the radial structure may be repre-
sented by the sixth constraint equation in (2).

In this paper, an algorithm for optimal network reconfiguration
developed based in [10] is used to obtain the new configuration of
the network. Aiming to have a reduced size of the chromosome,
only the switch that must be opened in each formed loop is
represented. Each chromosome represents a particular configura-
tion or network topology.

The analysis of radial structure is conducted either for NO
switches already installed in the network or for candidate

(1) Topology (2) Distributed (3) Rewiring (4) New load

changes Generation points

Fig. 1. Chromosome structure.
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Table 1
Decoding - changes in network topology.
Code Meaning
Oor1 Represents non-installation of a new NO switch or maintenance of
current NO switch, that is, the configuration of the respective loop is
not altered
2-7 Represents the number of the switch to be opened in the respective

loop, obtained through an algorithm of optimal reconfiguration

switches. The change of network topology through changing the
status of some already installed switches has only the cost related
to the maneuver of switch opening/closing (Cecon). However, the
installation of a new NO switch presents the cost of the purchase
of the equipment besides the cost of reconfiguration when the
new switch is closed and a switch that belongs to the same loop
is opened (Cpsy).

The second part of the chromosome refers to the possibility of
installing DG units in certain buses of the system and their capac-
ities (cost Cpg). In this case, 3 bits are used for each candidate DG
unit, generating a total of 8 possibilities, including non-installation
of the generating unit, as shown in Table 2.

The third part of the chromosome refers to the possibility of
rewiring certain network lines (cost Cy,). In this case, 1 bit is used,
generating 2 possibilities for each alternative, as shown in Table 3.

The fourth part of the chromosome refers to the connection of
new load points into the system (cost Cycp). For each load point,
2 bits are used giving a total of 4 possible alternatives of allocation.
The best alternative for connection is determined considering con-
struction costs of the feeder to connect the new load point to the
system, according to the following equation:

Cner,; = CreederLij (3)

where Cycpij is the cost of the connection of new load point i to the
system bus j; Creder the cost per km of feeder construction to con-
nect the new load point to the distribution system, which varies
with the type of wire; and L;; is the distance in km between the
new load point i and the point of the system where it will be con-
nected (bus j).

The annualized costs of system investments (Cgy,) in Eq. (1) is
then calculated by Crecon + Cusw + Cpc + Crew *+ Cnep-

Other GA parameters adopted are shown in Table 4. The values
of the parameters were obtained after exhaustive tests.

The value of losses and energy imported from transmission sys-
tem are calculated by a non-linear power flow solved by the
Newton-Raphson method. In active distribution networks opera-
tion, active management (AM) is applied with real time control
and management of DG units and distribution network devices
based on real time measurements of primary system parameters
(voltage and current) [11,12]. AM mode takes DG as one component
of the distribution network and active control is taken according to
the requirement of the distribution system. Therefore, for operation

Table 2
Decoding - Distributed Generation.
Code Meaning
0 Non-installation of DG in bus i
1-7 DG Installation with respective capacity in bus i

Table 3

Decoding - Rewiring.
Code Meaning
0 Non-rewiring of line i
1 Rewiring of line i

Table 4

GA parameters.
Selection Tournament
Crossover 2 points
Mutation 1 bit
Crossover rate 0.70
Mutation rate Variable
Population size 200

Max. no. of generations 200

planning studies, the value of losses and energy imported from
transmission system might be better calculated by optimal power
flow method. However, it is important to emphasize that the aim
of this paper is for expansion planning studies and therefore the val-
ues calculated are more concerned with system and equipments
capacity than with obtaining an optimal operation point and there-
fore a power flow method can be used for this purpose.

The reliability indices (ECOST, SAIDI - System Average Interrup-
tion Duration Index and SAIFI - System Average Interruption Fre-
quency Index) are calculated by an analytical method [13], which
considers all protection devices installed in the distribution net-
work as well as DG units. These reliability indices are calculated as:

ECOST = " GiLU; (4)

SAIFI = ZZ# (5)
1

SAIDI = ZZU&N d (6)

where (; is the interruption cost, L; is the medium load, U; is the
annual mean repair time, /; is the failure rate and N; is the number
of consumers connected, all related to load point i.

The power availability of DG units based on intermittent energy
sources, such as wind generation [14], are incorporated in order to
evaluate its influence on the distribution network reliability.

3. Uncertainties representation

With the purpose of considering the uncertainties regarding the
demand and the power supplied by Distributed Generation, a meth-
odology is proposed based on the theory of multiple scenarios. This
provides the planner an expansion alternative for each scenario ana-
lyzed, thus allowing him to define what is the best expansion plan to
be adopted by applying some decision making process. A probability
of occurrence is assigned to each scenario obtained through the
combination of scenarios of generation and load.

A Genetic Algorithm is executed for each scenario considered
aiming at obtaining the best expansion alternative, considering
the uncertainty factors of load and generation for the respective
scenario. The calculation of the fitness function to determine the
best expansion alternative in each analyzed scenario is performed
by evaluating Eq. (1).

Fig. 2 presents the flowchart of the algorithm proposed to incor-
porate the uncertainties to the expansion planning problem of ac-
tive distribution networks.

This methodology presents an expansion alternative for each
scenario analyzed. The choice of scenarios should consider aspects
relevant to the region under analysis. The developed methodology
allows using a variable number of scenarios depending on the
interest of the planner. It is the planner who defines the amount
of scenarios as well as the levels of load and generation to be con-
sidered in each one.
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A second phase (Phase II) of this methodology is characterized
by the decision making process that aims to obtain a unique solu-
tion for the expansion planning considering the solution of all sce-
narios. The decision making process developed obtains a final
solution that takes into consideration the solutions obtained in
each scenario along with their probabilities of occurrence [15]. It
is noteworthy that the final solution obtained by the proposed
decision making process may be different from all the solutions
for each scenario analyzed individually. In order to calculate the
values of each objective function parcel of Eq. (1) of the solution
determined by the application of Phase II it is used Eq. (7):

ne
Objective; = _ p,Objective; (7)
=1

where Objective;is the value of the objective function i; Objective; . the
value of objective function i in scenario k; n. the number of scenarios
considered; and p is the probability of occurrence of scenario k.

4. Consideration of multiple stages

The algorithm proposed for multistage expansion planning of
active distribution networks is based on the pseudo-dynamic

Definition of

scenarios

k=k+1
Analysis of
scenario k
Initialization of population
and
Genetic Parameters
Population
decoding
Mutation

Analysis of generation i

Analysis of individual j

Network configuration and
radial structure treatment

Implementation of
power flow and
calculation of ECOST

S —

Calculation of
Fitness function

i = limit of
generations?
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programming theory [3,4]. The optimization process is initialized
considering the demand and the network configuration for the last
stage under analysis. To determine the optimal set of investments
that should be implemented at the last stage, initially ignoring the
uncertainties of the demands and power generated by DG units,
the Genetic Algorithm described in Section 2 is executed, having
Eq. (1) as fitness function. Uncertainties are included in the algo-
rithm for multistage planning through the methodology presented
in Section 3. The analysis and treatment of uncertainties during the
optimization process has the same characteristics discussed in that
section, and the only difference lies in the multiplicity of stages.

Ref. [16], which rules the distribution network planning and
operation in Brazil, proposes three stages for expansion planning:
stage (1) — 1 year ahead, stage (2) - 2 years ahead and stage (3) -
5years ahead. This reference will be adopted in this paper,
although different stages might be used with no burden to the pro-
posed algorithm

After the optimization of the last stage, subsets of investments
among those that should be implemented in stage (3) are obtained,
to be implemented respectively in stages (2) and (1) — Backward
Path. Therefore, a GA is executed for each stage, considering the
investments determined in previously analyzed stages. In this pro-
cess, a DG with power x kW cannot have in stages below stage (i),

Selection

Population
encoding

Final solution Optional
Best individual
among all
generations for
each scenario k

= Use of some
decision making
criterium

Fig. 2. Algorithm with uncertainties representation.
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powers higher than x kW, and a line that has not been rewired in
stage (i), will not be rewired in stage (i — 1).

When the Backward Path ends, the planner will have at hand a
series of investments to be implemented as well as the total cost
associated with these investments, brought to the present value
for stage (1) according to the following equation:

1

where Cost!" is the cost of stage k brought to Present Value for stage
1; Costy the costs associated to stage k; and r is the annual interest
rate.

The flowchart of Backward Path is presented in Fig. 3.

In a second round, the process is reinitialized from the invest-
ments defined for stage (1) in the Backward Path, aiming at obtain-
ing the best sequence of investments to be implemented
respectively in stages (2) and (3) - Forward Path. Considering the
investments indicated for stage (1), a GA is executed with the pur-
pose of determining the investments to be implemented in stage
(2). The same reasoning is valid to determine the investments to
be implemented in stage (3). At this stage, if a DG with capacity x
kW, is installed in a particular bus in stage (i), in the later stages this
DG will always remain indicated with power superior or at least
equal to x kW. If DG is not owned by the utility this restriction does
not apply because the distribution utility can buy from the DG, in
stage (i + 1), an amount of energy less than the value contracted in
stage (i). Regarding line rewiring, if a line is rewired in stage (i), it will
remain as rewired in the next stages. The flowchart of the Forward
Path is presented in Fig. 4.

Make i =3

After the Forward Path the total costs of the sequences of
investments determined in Backward and Forward Paths are com-
pared. If the difference between these costs is zero, or below a va-
lue predetermined by the planner, the optimization process is
considered ended. Otherwise, the process is restarted through
the execution of the Backward Path beginning on stage (2) and
considering the set of investments related to stage (3) obtained
in the Forward Path. Costs are always compared after the Forward
Path. The process ends when the sequence of investments obtained
in the Backward and Forward Paths have equivalent or very close
fitness functions.

The complete flowchart of the algorithm proposed for multi-
stage planning under uncertainties of load and power supplied
by DG is presented in Fig. 5, where:

BACKWARD_OBF value of obf obtained in Backward Path con-
sidering the 3 stages;

FORWARD_OBF value of obf obtained in Forward Path consid-
ering the 3 stages;

Difer allowed difference between the obf values obtained in
Backward and Forward Paths.

5. Results
5.1. Test system — 33 buses

The test system used was extracted from [17] and has 1 substa-
tion, 33 buses, 35 lines, 32 NC switches, 3 NO switches, voltage of

12.66 kV and nominal load of 3.715 MW and 2.700 MVAr. Table 5
presents the costs related to losses and reinforcements obtained

A

Store demand and network
configuration for stage (i)

A

Execute algorithm proposed considering
uncertainties (Figure 2) in order to
determine the investments relative to
stage (i), considering the investments
determined in stage (i+1)

Obtain costs of losses,
investments, transmission fees
and ECOST brought to Present

Value for stage (1)

Y

Store set of investments
determined in stage (i)

Y

End of optimization
process

Fig. 3. Multistage planning under uncertainties - Backward Path.

1r-siaodedoorg



112 C.L.T. Borges, V.F. Martins/Electrical Power and Energy Systems 36 (2012) 107-116

Make i = 2

v

Store demand and network
configuration for stage (i) besides
the subset of investments
determined on stage (i-1)

Execute the proposed algorithm
considering uncertainties (Figure 2)
to determine investments related to

stage (i)

A,

Obtain costs of losses,
investments, transmission fees
and ECOST brought to Present

Value for the stage (1)

End of optimization
process

Fig. 4. Multistage planning under uncertainties — Forward Path.

from published Brazilian figures (Brazil Real R$1.00 corresponds to
approximately US$0.50). An average cost was considered for DG
units, regardless of its type and technology, although different
costs may be used. An annual interest rate of 12% per year is
adopted. The upper and lower limits for bus voltage are 0.98 and
1.05 p.u., respectively. Fig. 6 shows a diagram of the system.

Make
BACKWARD_OBF =0
FORWARD_OBF =0

No

Execute Backward Path (Figure 3)

Update BACKWARD _OBF (value
of the objective function considering
3 stages)

In order to ensure that the electric energy demand is met with
quality and economy, within the planning horizon, several expan-
sion alternatives are analyzed:

e Network reconfiguration by changing the status of NO switches,
installed in lines (34), (35) and (36);

o Instalation of new switches in lines (33) and (37);

e Rewiring of lines (5), (6), (7), (16), (17), (20), (21), (22), (23),
(24), (28), (29), (30), (31) and (32);

o Instalation of DG units at buses (6), (7), (17), (21), (23), (24),
(29), (31) and (32). Units with capacity 30, 60, 90, 120, 150,
180 and 210 kW based on thermal and eolic generation are
considered;

e On the third stage, the necessity of attending three new load
points represented by buses (34), (35) and (36) is considered.
They can be connected to one of four possible connection points
as shown in Table 6. The possibility of installing DG in buses
(35) and (36) is also considered.

The three stages of planning considered are shown in Table 7
where the load percent is relative to the load forecasted for the
planning horizon (5 years).

5.1.1. Disregarding uncertainties

The proposals for reinforcements and system configuration
changes for each stage are presented in Tables 8-10, where PL
means Penetration Level of the DG related to the system load.
According to the results there is no investment indicated to be exe-
cuted in stage 2. Table 11 shows annualized costs brought to Pres-
ent Value for stage 1, SAIDI, SAIFI and the lowest voltage value. All
costs are expressed in R$, SAIDI in hours/consumer, SAIFI in occur-
rences/consumer and voltage in p.u. in the respective tables of this
paper (Tables 11, 12, 15-17, 20 and 22).

The total cost of system operation and expansion for the ana-
lyzed horizon is the sum of the costs presented in Table 11, which
is R$ 2633,047.00.

In order to compare the benefits of multistage planning to static
planning (single stage), it will be considered that all the invest-
ments are executed in the last stage. Thus, it will be considered

End of optimization
process

FORWARD-OBF < Difer?

BACKWARD_OBF -

Update FORWARD_ OBF (value of the
objective function considering the 3
stages)

Execute Forward Path (Figure 4)

Fig. 5. Algorithm for multistage planning under uncertainties.
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Table 5
Costs of losses and reinforcements.
Costs
Losses 0.125 R$/kWh
New switch R$ 2500.00
Switch maneuver R$ 100.00

Distributed Generation
Rewiring

Trans. Imported Energy
New feeders

1610.00 R$/kW
12,000.00 R$/km
0.01 R$/kWh
35,000.00 R$/km

Fig. 6. Test system - 33 buses.

Table 6
New load points and connection points.

Load point Connection point
34 18,19, 20 or 21
35 22, 23,24 or 25
36 20, 21,22 0r 23

Table 7
Stages considered for planning.
Stage Period % Load
1 First year 70
2 Second year 80
3 Fifth year 100

that no investments are executed in stages 1 and 2. Table 12 pre-
sents the final results, considering investments only in stage 3.

In this case, the total cost for the analyzed horizon is R$
3377,836.00 or 28.29% higher than when the investments were
distributed during the multiple stages of planning.

5.1.2. Considering uncertainties

For each stage, 3 load scenarios and 3 generation scenarios are
considered, totalizing 9 scenarios with different probabilities of
occurrence, as presented in Table 13, where:

Table 8

Rewired lines, installed switches and new topology - without uncertainties.
Reinforcement System line Stage
Installed switches 33 and 37
Opened switches 6, 14,9, 32 and 28 1
Rewired lines 22 and 23

Installed switches
Opened switches 2
Rewired lines

Installed switches
Opened switches 3
Rewired lines 20 and 24

Table 9
Distributed Generation - without uncertainties.
Bus Power Accumulated PL. Stage
(kW) (kw) (%)
17 120 240 9.23 1
32 120
17 30 270 9.08 2
17 60 330 7.65 3
Table 10

New load points — without uncertainties - stage 3.

Load point Connection point
34 18
35 22
36 20

Table 11
Annualized costs, reliability indices and lowest voltage value - without uncertainties.

Stage 1 2 3

Cost of losses (R$) 40,297.00 47,384.00 74,163.00
ECOST (R$) 489,421.00 499,409.00 661,113.00
Cost of investments (R$) 58,858.00 5774.00 47,277.00
Transm. fees (R$) 210,004.00 215,126.00 284,222.00
Total costs (R$) 798,580.00 767,693.00 1066,775.00
SAIDI 8.95 8.92 9.21

SAIFI 11.34 11.34 11.95
Lowest voltage 1.024 1.020 1.011

If Factor used to obtain different load levels, as follows:

Pli,j = leamlf (9)

gf Factor used to obtain different generation levels, as follows:
Pgij = Pgi,nomgf (10)

where Pl;; is the load of bus i considering scenario j, Pl;nom is the
nominal load of bus i, Pg;; is the generation of bus i considering sce-
nario j and Pg;,om is the nominal generation of bus i.

In terms of line rewiring, installation of new switches, and
changes of network topology, the same proposals shown in Table
8 are obtained when uncertainties are considered. This also occurs
for the connection of new load points, whose solution corresponds
to Table 10.

The proposals for DG installation for each stage considering
uncertainties are presented in Table 14, and the system results
are shown in Table 15.
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Table 12
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Annualized costs, reliability indices and lowest voltage value - without uncertainties

- investments only in stage 3.

Table 17

Condition for the planning horizon before expansion - actual system.

Stage 1 2 3
Stage 1 2 3 Cost of losses (R$) 404,957.00 481,014.00 690,329.00
Cost of losses (R$) 75,385.00 88.890.00 74,163.00 ECOST (R$) 39,022,442.00 40,177,547.00 45,244,985.00
ECOST (R$) 802,467.00 818.,844.00 661,113.00 Transm. fees (R$) 1956,946.00 2019,999.00 2286,665.00
Cost of investments (RS) 0.00 0.00 99,354.00 Total costs (R$) 41,384,345.00 42,678,560.00 48,221,979.00
Transm. fees (RS) 233,835.00 239,564.00 284,222.00 SAIDI 32.67 32,67 32.67
Total costs (R$) 1111,687.00  1147,298.00  1118,852.00 SAIFI 17.96 17.96 17.96
SAIDI 14.16 14.16 921 Lowest voltage 1.008 1.001 0.989
SAIFI 13.26 13.26 11.95
Lowest voltage 0.997 0.989 1.011
Table 18
Rewired lines, installed switches and new topology - without uncertainties - actual
system.
Table 13
Considered scenarios. Reinforcement System line Stage
Scenario If of Prob.(%) Installed svyitches 178 and 180
Opened switches 177, 15, 143, 114, 181 1
1 1.0 1.0 20 Rewired lines 24, 25, 69, 91, 123, 154, 167
2 1.0 0.8 12 X
3 1.0 06 8 Installed svyltches
4 11 1.0 15 Oper}ed swltches 2
5 11 08 9 Rewired lines
6 1.1 0.6 6 Installed switches
7 1.2 1.0 15 Opened switches 3
8 1.2 0.8 9 Rewired lines 172
9 1.2 0.6 6
Table 19
Tf‘bl‘? 14 . . L Distributed Generation — without uncertainties — actual system.
Distributed Generation - with uncertainties.
Bus Power (kW) Accumulated (kW) PL (%) Stage
Bus Power (kW) Accumulated (kW) PL (%) Stage
113 180 1080 4.92 1
17 210 270 8.19 1 114 900
32 60
17 60 330 8.76 2 114 180 1260 4.94
17 60 420 7.68 3 114 180 1440 452 3
Table 20
Table 15 Annualized costs, reliability indices and lowest voltage value - without uncertainties
Annualized costs, reliability indices and lowest voltage value — with uncertainties. - Actual System.
Stage 1 2 3 Stage 1 2 3
Cost of losses (RS) 49,498.00 57,491.00 89,503.00 Cost of losses (RS) 35549000 ~ 421,98400  604,645.00
ECOST (RS) 54573300 55115000  727.811.00 ECOST (R$) 17,723,889.00  18,248,534.00  20,550,151.00
Cost of investments (RS) ~ 65,324.00 11,547.00 52,432.00 Cost of investments (R§) 23498400  34,953.00 31,646.00
Transmission fees (RS) 26428400 26940800 35327100 Transm. fees (RS) 1856380.00 _ 1915839.00  2177.429.00
Total costs (R$) 92483900  889.506.00  1.223.017.00 Total costs (R$) 20,172,743.00  20,621,310.00  23,363,871.00
SAIDI .74 0.67 976 SAIDI 22.86 22.86 22.86
SAIFI 11.34 1134 11.95 SAIFI 1674 1674 16.74
Lowest voltage 1.012 1.008 0.995 Lowest voltage 1.015 1.010 0.999
Table 16 Table 21
Annualized costs, reliability indices and lowest voltage value - with uncertainties - Distributed Generation - with uncertainties - actual system.
investments just in stage 3.
Bus Power (kW) Accumulated (kW) PL (%) Stage
Stage 1 2 3
113 720 1980 7.11 1
Cost of losses (R$) 90,807.00 107,219.00 89,503.00 114 1260
ECOST (R$) 874,689.00 892,540.00 727,811.00
Cost of investments (R§)  0.00 0.00 114,818.00 114 360 2340 735 2
Transm. fees (R$) 255,571.00 261,951.00 353,271.00 114 180 2520 6.33 3
Total costs (R$) 1221,067.00 1261,710.00 1285,403.00
SAIDI 14.16 14.16 9.76
SAIFI 13.26 13.26 11.95
Lowest voltage 0.992 0.984 0.995 shows the importance of considering the uncertainties inherent to

When compared to the results presented in Table 9, in which
the uncertainties were disregarded, a great change in the optimiza-
tion of DG units to be installed in the network is observed. This fact

the expansion planning problem when searching for an optimal

alternative.

The total cost of system operation and expansion for the ana-
lyzed horizon is R$ 3037,452.00, which implies in an increase of
R$ 404,405.00, or 15.36% compared to the value obtained disre-

garding uncertainties.
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Table 22
Annualized costs, reliability indices and lowest voltage value - with uncertainties —
actual system.

Stage 1 2 3

Cost of losses (R$) 428,003.00 508,824.00 730,155.00
ECOST (R$) 19,319,039.00 19,890,903.00 22,461,283.00
Cost of investments (R$)  428,974.00 70,509.00 32,189.00
Transm. fees (R$) 1982,833.00 2041,744.00 2177,429.00
Total costs (R$) 22,158,849.00 22,511,980.00 25,401,056.00
SAIDI 22.86 22.86 22.86

SAIFI 16.74 16.74 16.74

Lowest voltage 1.012 1.006 0.994

For comparison purposes, Table 16 presents the final results,
considering only investments in stage 3.

In this case, the total cost for the considered horizon is R$
3768,180.00, or 24.06% higher than the value obtained when the
investments were distributed in stages and 11.56% higher than
the value obtained disregarding uncertainties under the same
conditions.

5.2. Actual system — 177 buses

The actual system used corresponds to a distribution system in
Rio de Janeiro formed by 1 substation, 177 buses, 179 lines, 22 NC
switches, 3 NO switches, voltage of 13.8 kV and nominal load of
31.385 MW and 13.370 MVAr.

The costs used for losses and reinforcements are the same
shown in Table 5. The three planning stages are the same shown
in Table 7. Fig. 7 shows a diagram of the system.

The alternatives for expansion analyzed are:

e Network reconfiguration by changing the status of NO switches
installed between buses (173-203), (248-334) and (238-344).

o Installation of new NO switches between buses (125-312) and
(213-329).

e Rewiring of lines (2), (24), (25), (49), (69), (91), (110), (118),
(123), (149), (150), (154), (167), (172) and (176).
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113 214 215 216 246 219 230 221
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J 249
14 (120

115 L 116 o 117 o 118 119

208 240 210 211 212 213

s 116 117 118

P 176 19
53

p 177 181
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13 112
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15 |sg
1790

o Instalation of DG units at buses (113), (114), (129), (130), (227),
(229), (234), (312), (318) and (319). Units with capacity of 80,
360, 540, 720, 900, 1080 and 1240 kW are considered.

Table 17 shows the conditions for the system for the three
stages considered before any expansion investment is done. Costs
were brought to Present Value for stage 1, corresponding to a total
cost of R$ 132,284,884.00 for the planning horizon.

5.2.1. Disregarding uncertainties

The proposals for reinforcement and system configuration
changes for each stage are presented in Tables 18 and 19, and
the values of annualized costs, reliability indices and lowest volt-
age value are shown in Table 20.

The total cost of system operation and expansion for the ana-
lyzed horizon is R$ 64,157,924.00, what represents a reduction of
R$ 68,126,960.00 or 51.5 % in relation to the case if no expansion
investments are executed.

5.2.2. Considering uncertainties

For each stage, the same 9 scenarios presented in Table 13 are
considered.

In terms of line rewiring, installation of new switches and
changes in topology, the same proposals shown in Table 18 are ob-
tained. The proposals for DG installation for each stage considering
uncertainties are presented in Table 21 and the results for the sys-
tem are shown in Table 22.

An increase of 1080 kW or 75% in DG capacity to be installed is
observed due to the consideration of uncertainties.

The total cost of system operation and expansion for the plan-
ning horizon is R$ 70,071,885.00, resulting in an economy of R$
62,212,999.00, or 47% as a result of expansion investments. How-
ever, there is an increase of R$ 5913,961.00 or 9.2% in expansion
costs due to the consideration of uncertainties.

As occurred for the 33 buses test system, the inclusion of uncer-
tainties related to loads and powers generated by DG has large
influence in the determination of DG capacities to be installed,

1178
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186@
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145@
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Fig. 7. Actual system - 177 buses.
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while the network topology remains unchanged in relation to the
case disregarding uncertainties.

6. Conclusions

Uncertainties related to loads and powers generated by Distrib-
uted Generation units are inherent to the problem of expansion
planning of active distribution networks. Therefore, consideration
of the uncertainties during the optimization process, allows obtain-
ing a solution more committed with reality since several scenarios
with their probabilities of occurrence are analyzed.

The results obtained for the systems analyzed show that the
inclusion of uncertainties related to loads and powers generated
by DG interfered in determining the capacities of Distributed Gener-
ation units to be installed in the network. However, other expansion
alternatives were not affected by the consideration of uncertainties
of generation and demand for the cases analyzed in this paper. How-
ever, there may be cases where the consideration of uncertainties
will also affect other expansion alternatives, for example when the
system is operating under stressed conditions and very close to its
equipments capacities. The importance of proper distribution of
investments during the various stages of the multistage expansion
planning is also highlighted in contrast to the consideration of a sin-
gle stage at the end of the planning horizon.

The solution obtained by the proposed algorithm has good
quality and provides a large reduction in relation to total costs for
the configuration of the planning horizon. However, there is no
guarantee that the obtained solution corresponds to a global opti-
mum since one of GA characteristics is that there is no mathemati-
cal proof that the global solution is found. However, in order
to check the effectiveness of the proposed algorithm, the results ob-
tained for a small system were compared with the results obtained
by an exhaustive search algorithm and for all tests the proposed GA -
found the solution corresponding to the global minimum.

The results demonstrate the advantages of adopting flexible
expansion planning which takes into account all the alternatives
for the distribution networks. An adequate plan can provide a great
improvement in terms of system efficiency as well as a great
reduction of costs. The “fit-and-forget strategy” of DG employment
may be changed by the application of the proposed methodology
for active distribution network planning.
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