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Abstract. Reactive power compensation in the electricity system helps maintain transmission and
distribution performance. This can be done by compensator placement; if reactive power is not
properly managed, there is a risk of multiplying network losses, overloading facilities and generating
unacceptable and unstable voltage levels. This paper solves the problem of optimal position of
capacitors in radial distribution network using a new hybrid method combining a new stability index
and a genetic algorithm to improve the loss and voltage stability. The Bus Voltage Stability Index
BVSI is used to determine the locations and the genetic algorithm GA to calculate the size. The GA-
BVSI analytical-metaheuristic method, compared with existing methods, is more suitable and
recommended for operators who are faced with the problem of sizing capacitors to improve the
technical performance of their network.

1. Introduction

Voltage is regulated on the radial distribution network by means of load tap changers (LTC) in
HV/MYV source substations, the placement of capacitors in distribution substations, the positioning of
flexible alternating current transmission systems (FACTS), and so on. In view of the rapid growth in
loads on electrical installations, some of the above-mentioned devices are proving to be slow and
ineffective in monitoring changes in these loads and dynamically adjusting voltage. For example,
LTC are made up of coils positioned on the primary windings of transformers in HV/MV source
substations. Their role is to modify the transformation ratio to improve the secondary voltage if the
load changes. the transition from one turn to another is always accompanied by electric arcs, which
are the cause of certain equipment failures recorded on these types of transformers. In the event of
rapid load growth, the controllers freeze and are no longer able to adjust effectively to correct the
impact of load growth. Capacitors placed in HV/MV source substations or in MV/LV distribution
substations, with the aim of providing reactive power to compensate for the overall network, do not
effectively and sustainably improve the technical performance of electricity networks. These
empirical methods of capacitor positioning do not demonstrate their effectiveness. Consequently, the
reagent must be supplied locally and optimally to the consumer loads by reconfiguring the shunt
capacitors. The positioning and operating costs of FACTS devices in networks raise issues that need
to be studied in order to highlight their technical contribution and profitability in terms of their
application in distribution networks. There are several methods in the literature for solving these
problems. The effectiveness obtained varies from one method to another. This paper will study the
optimal positioning of capacitors, using a new hybrid method, to improve the technical performance
of the radial distribution system. There are many different algorithms for placing capacitors in
distribution systems [1]. The total number of publications specific to capacitor allocation problems is
close to 400 [2,3]. The methods developed include analytical methods, numerical programming,
heuristic methods, metaheuristic methods based on artificial intelligence and a combination of
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techniques [4]. These latest have become attractive in power system optimisation techniques, and in
most cases combine a stability index and a metaheuristic.

2. Problem Formulation for Optimal Capacitor Sizing

The aim of installing capacitors in distribution networks is to improve the technical and
environmental reliability of the power system. This problem is formulated as that of a multi-objective
function with several criteria and constraints, including the stability index, the cost of lost energy, the
voltage at the nodes, the current in the branches, and so on. The optimisation criteria and constraints
are described below:

2.1. Bus voltage stability index
BVSI, a new concept defined in reference [5], BVSI is used to designate candidate buses for capacitor

placement. The exploration zone and the optimisation process are considerably reduced

3Viy1—Vi

BVSI = (D

The nodes with the lowest BVSI will be given priority as candidates for the installation of
compensation devices.

2Viy1

2.2. Objective function
The proposed objective function for the optimal capacitor placement problem is to minimize the total
cost, which is determined by the following equation:

F= [Ke (T * Prjoss) + K7 (COSTXyear)] « (I 0C « TTNB ov) )

Where X represents the device used, which may be a capacitor or other compensator. In this paper
we will use capacitors, the annual cost of which is taken from reference [6].

NBC

COS'I‘Capacitoryear = (K + KO) * NBC + K¢ * Zi Qc (D) 3)
2.3. Contraints
. Voltage Deviation Limit [6]:
(L if 09pu<V,<11lpu
0 { exp(u|1 —V,|); otherwise 4)
° Line Current Limits [7]:
1 if] < Jimax
0C={exp(7\|1—$); ] > T ®)
o Reactive power compensation

It is impossible for the capacitor to remain connected, as the reactive power is not only proportional
to the square of the voltage at its terminals, but will also be injected constantly even in normal
operation, leading to a risk of overcompensation, unacceptable voltage amplitude or premature
collapse of the system voltage. To limit these inconveniences, the constraints on the total reactive
power injected and the overall power factor of the system will be defined as follows [8]:

Quin < QWA < m=* with step of 50 KVAr (6)

capacitor capacitor capacitor?

E\IzBlc QKVAr (1) < ]'N=B1 QKVAr (]) (7)

capacitor

PF,,, < PF < PF,,, (8)
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2.4. Net savings

The net savings is the difference between total energy loss cost before installation and total energy
loss cost and annual capacitor after installation is given by Eq. (9) as follows:

Net savings = K, (T = PT.loss) - K. (T * PWith capacitor) - COSTCapacitoryear (9)

T,loss

3. Load Flow

Backward/forward sweep load flow, proposed by Jen-Hao Teng [9], is developed on the Matlab
platform for calculating the load flow and the BVSI stability index of the various nodes.
Calculation of current injections at the different nodes as follows:

=(2) (10)

Vi

Calculation of branch currents by:

[J1=[BIBC].[I] (11)
Calculation of the voltage drops in each branch by:
[AVE' = [BCBV1.[]] (12)
Calculation of new nodal voltages, [V¥*1] by:
[V =[v°] - [av] (13)
Calculate the BVSI at each node, by:
3Vit1—Vi
Calculate total active loss:
Prioss = Zlnzll Plossi = F:ll R; * ”il2 (15)
Calculate total reactive loss:
Qrloss = 2?:11 Qloss,i = in=11Xi * ”il2 (16)

4. Hybrid Approach GA-BVSI

The contextualised genetic algorithm is used to optimally size the capacitor. The positions of these
capacitors on the network are identified using the BVSI concept designed for this purpose. This
hybrid approach consists of creating a population of N chains around the nodes identified by the BVSI
so that GA starts in an ideal zone in the solution space. The individuals in the population created are
evaluated by calling up the objective function. The best individuals are then selected (roulette) in
pairs to reproduce a generation of individuals by running the crossover and mutation operators with
a probability of (0.8) and (0.3) respectively, which will be reassessed for the next generation. In this
way, the evolutionary loop is repeated until the natural goal is reached. Based on the approximation
and research carried out, the pseudo-code and GA-BVSI flowchart in figure 1, for this new approach
to optimise the capacitor positioning process are presented below.

Pseudo-code GA-BVSI for compensator placement

Inputs: Distribution system data;
The objective function
Number of generations (n)
Constraint limits
Outputs: Best population;
1 Run the BIBC load flow;
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2 Identify candidate buses for capacitor placement using
BVSI,

3 Randomly generate the initial population from the group
of BVSI buses identified;

4 i<0

5 While i < n AND stop condition not satisfied Do

6 Evaluate each individual in the population according to
the objective function;

7 Select parents from the selected population;

8 Produce and evaluate the offspring of parents selected
by crossover and mutation;

9 Replacing parents with offspring;

10i<i+1
End

11 Return the best population.

Read system input data
(Bus data, line data)

Run BIBC for the base case and determine the
losses, node voltages and BVSI values for the buses,

Identify candidate buses for capacitor
placement usmg bus BVSIs
Define constrained limits, GA control
Parameters and maximum iteration
Qllahng and m]uatmg the pupulal@

Probabilistic selection of parents l
(survival of the fitnest) @acemem of parents by pro@
Cross ( Mutation )

Production and evaluation
of progeny genotype

are the progeny
complete?

is the convergence
criterion met?

Fig. 1. Flow chart of GA-BVSI.

5. Results and Discussion

The superiority of the GA proposed with BVSI is implemented with the IEEE 69-bus test system
shown in figure 2. This network comprises 69 buses and 68 branches with a total active and reactive
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load of 3.80 MW and 2.69 MV Ar respectively. The average operating voltage of the network is 12.66
kV. The line and bus parameters are taken from reference [10]. The proposed hybrid algorithm was
created using Matlab. The initial active and reactive power losses without compensator are 224.8949
kW and 101.7 kVAr respectively. The minimum voltage is 0.9092 p.u at node 65. Table 1 shows the
results of this positioning optimisation compared with references [11], [12] and [13]. It is observed
that the total capacitor size evaluated by the proposed GA BVSI method is 1550 kV Ar partitioned at
node 61 (1250 KVAr) and node 17 (300 KVAr). This size is the smallest and the most optimal to
reduce to the lowest value the total cost due to the proposed objective function, i.e. 84250.4 §
compared to the values obtained by the aforementioned references. Similarly, the percentage of net
savings with GA-BVSI is the highest compared with the other techniques, at 28.72%. Network losses
fell from 224.8949 kW in the initial case to 146.5 kW after compensation, a reduction of 34.85%. In
addition, the minimum voltage has been improved from 0.9092 p.u. to 0.9306 p.u. and the maximum
current reduced from 386.2727 A to 327.3817 A. Note that in reference [12], using PLI, the authors
have evaluated a larger capacitor size of 1650 KV Ar partitioned over 5 nodes, the losses are reduced
to 146.13 kW and the minimum voltage improved to 0.9327 p.u. However, these differences are
relatively insignificant and we can deduce from them the reliability and performance of the GA-
BVSI. The system voltage profile is shown in Figure 3 using the installed capacitors. Table 2 shows
the settings of the objective function for optimization.
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Fig. 2. Single-line diagram of an IEEE standard 69-bus network

Table 1. Results for optimal placement of capacitors on a 69-bus system

Items Un-compensated  Compensated

Fuzzy-GA [11] DE-LSF [12] PSO- LSF[13] DE-PLI[12] GA-BVSI
Total losses (kW) 224.8949 156.62 151.3763 152.48 146.13 146.5
Loss reduction (%) - 304 32.7 322 35.02 34.85
Minimum voltage 0.9092 0.9369 0.9311 - 0.9327 0.9306
Maximum Current (A): 386.2727 - - - - 327.3817
Optimal location 59 100 57 150 46 241 61 950 61 1250
and size in kKVAr 61 700 58 50 47 365 64 200 17 300

64 800 61 1000 50 1015 59 150 - -

- - 60 150 - - 65 50

- - 59 100 - - 21 300 - -
Total kVAr 1600 1450 1621 1650 1550
Annual cost($/year)  118,204.8 90119.5 88913.4 88606.5 86758.8 84250.4
Net saving ($/year) - 28085.3 29291.4 29598.3 31446 33954.4

% saving - 23.8 24.78 25.03 26.6 28.72
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Fig. 3. Voltage profiles of the 69-bus system before and after compensation

Table 2. Objective function parameter settings for optimization

Item Proposed setting
Number of generations 150
Number of individuals per population 750
Percentage of crossover 0.8
Percentage of mutation 0.3
JITlaX 520A
K, $1000/location
Ko $300/year/location
K. $ 3/kVAr
Kr 1
K. $0.06/kWh
PFmin 0.9
PFmax 1
T 8760 h
11 1
A 2

6. Conclusions

The GA-BVSI hybrid method has been developed for the optimum positioning of capacitors in a
radial distribution system. Given its accessibility, technical performance and ability to identify weak
points in an electrical system, its use can be strongly recommended to distribution network operators.
This scientific contribution will provide electricity companies with practical solutions, in particular
the reconfiguration of capacitor positioning. Optimal placement and sizing of a shunt capacitor
increases voltage stability, and the positioning of multi-capacitors is not expensive. Shunt capacitors
are relatively inexpensive and easy to install and maintain. However, they have less function and
control over network parameters and have major inconveniences.

In addition, the GA-BVSI analytical-metaheuristic method can be used to optimise the placement of
FACTS devices.

Nomenclature
COSTyx annual cost of X
year
Ki cost rate of capacitor installation/location
Ko yearly operating cost of capacitors/location

Ke purchase cost of capacitor
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HV High Voltage

Jmax maximum current that can flow in the Network lines
KT time duration proportion

Ke average energy cost

LV Low Voltage

MV Medium Voltage

NBC The number of compensated buses

NB The number of total buses

NL The number of total lines

oC line over current factor

oV voltage stability index for buses

PFmin The minimum power factor

PFmax The maximum power factor

PF Power Factor

Prioss _ The total power losses after compensation

P%Y(l)tshs capacitor total power loss after installation of capacitor
Q‘;igacitor lower reactive power limit of compensated bus i
Q‘;ﬁ,’;citor upper reactive power limit of Compensated bus i
Qc() amount of reactive power of installed Capacitors at bus i
QKVAr(j) reactive power demand of load at bus j

T hours per year

Vi voltage magnitude at bus i+1

V; voltage magnitude at bus i

1] small positive constant

A small positive constant
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