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Abstract: In electrical distribution systems, shunt capacitors are installed in order to reduce system
losses, to enhance the voltage profile, and to free up system capacity. Nevertheless, the installation of
shunt capacitors in distribution systems with distorted waveforms will magnify the distortion level of
harmonics if they are not set at appropriate locations relative to the harmonics. This paper proposes
a hybrid method to determine the placement and sizing of shunt capacitors in distorted radial
distribution systems, taking into account the presence of harmonic distortion with consideration
of ambient temperature effects, (this technique consists of the fuzzy expert system approach
and the Genetic Algorithm method). This hybrid technique is applied to an IEEE 34-bus radial
standard distribution system as well as a real distribution system in the Saudi Electricity Company.
The simulation results show that harmonic distortion considerably reduces and the efficiency of
distribution systems increases with a reduction in power loss and enhancement of voltage regulation.

Keywords: hybrid technique; fuzzy expert system; power loss; genetic algorithm; ambient
temperature effects

1. Introduction

The final stage of delivery of electricity from a transmission system to consumers is a distribution
system, in which most of the system losses occur due to the flow of heavy currents in distribution lines.
Almost 13% of the total generated power is lost in form of losses at the distribution system level [1,2].
The reduction of distribution power and energy losses can be achieved, the voltage profile can be
improved within permissible limits, and the total harmonic distortion can be minimized through the
installation of capacitor banks. The benefit of installing these capacitors depends on their location
and size.

Many hybrid approaches have been presented to solve the placement problem for shunt capacitors.
The authors in references [3–7] proposed a hybrid of the Genetic Algorithm (GA) method and the fuzzy
logic approach to solve the capacitor placement problem to achieve many benefits, such as reduction of
line loss, the improvement of voltage regulation, correction of the power factor, and the maximization
of cost savings. The optimal locations for the placement of capacitors are identified using fuzzy set
theory and their optimum size is obtained using the Genetic Algorithm. The proposed approach has
been applied to different distribution networks. A. Saric et al. [8] used a fuzzy-genetic algorithm
technique as an optimization tool for real-time volt-var optimization of a Serbian distribution system.
The rules for the fuzzy logic algorithm for power loss and voltage deviation were defined and then
combined into the GA environment to increase its speed.

D. Das [9] presented a hybrid amalgamation of fuzzy multi-objective and GA-based approach
to optimize the optimal shunt capacitor placement problem. A sensitivity index factor is utilized to
detect the critical buses to determine where to place the shunt capacitors. The multi-objective function
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is maximized using the GA to determine the optimal sizes of the fixed and switched capacitors.
The hybrid method was tested on 51-bus and IEEE 69-bus Radial Distribution Systems (RDSs).
R. Ranjan and B. Venkatesh [10] suggested an Evolutionary Programming (EP) technique that solves
the placement and sizing problems of shunt capacitors together using an on-load tap changer and
reactive power sources. The framework of the EP technique involves the use of a fuzzy model for
the fitness function in to allow optimization. The suggested fuzzy-EP technique was tested on an
IEEE 69-bus test system. S. Saranya et al. [11] presented a fuzzy and differential evolution method.
A group of principles given by the fuzzy system is used to optimize the capacitors’ locations and sizes;
this is modeled by the objective function to attain the maximum cost savings via the EP technique.
The suggested technique is applied to an IEEE 15-bus system.

The authors in references [12–14] proposed a fuzzy and PSO technique to solve the capacitor
location problem to achieve many benefits, such as voltage profile improvement, power loss
reduction, and decreased costs. The proposed technique is tested on an IEEE 69-bus test system.
S. Kannan et al. [15] proposed a fuzzy and Hybrid Particle Swarm Optimization (HPSO) technique.
The location of the capacitors is specified by a group of rules defined by the Fuzzy Expert System (FES)
and its size is obtained using HPSO. The proposed technique was tested on an IEEE 34-bus standard
system. M. Prasanna et al. [16] introduced a second edition of the PSO method for capacitor sizing in
distribution networks to reduce line losses and improve the voltage profile. The location of the critical
buses where the capacitors should be placed is determined by a group of FES rules, and the sizing of
these capacitors is represented by the fitness function to get the maximum cost savings.

Many remarkable studies also have been carried out using hybrid systems or algorithms for
power management in balance/imbalance distribution systems using either compensation devices,
such as a capacitor, or using a distributed generation (DG) during steady state or transient stability
conditions. M. Ayoubi et al. [17] proposed a new approach along with a proposed resonance index
for capacitor placement that considers harmonics. A sensitivity analysis method is applied to specify
the critical buses. Then, the locations and sizes of these capacitors are obtained by a suggested
objective function. The proposed approach has been tested on 18-bus and 69-bus IEEE systems.
S. Biswas et al. [18] presented an approach for solving the DG placement problem through considering
many operation characteristics of a power system. Many benefits, such as a reduction in system losses,
an improvement in the voltage profile, minimization of the voltage sag, and harmonic distortion were
achieved. Comprehensive results were presented following application on a standard IEEE 33-bus test
system using the GA to disclose the proficiency of the proposed approach. T. Ou and C. Hong [19]
examined control strategies and the dynamic operation of a hybrid system.

M. Othman et al. [20] redefined the big bang big crunch algorithm to find proper node locations
and the actual power range of the DGs for multiple DG placement to minimize power and energy
losses in balanced/unbalanced distribution systems. The proposed algorithm was tested on 33-bus
and 37-bus test systems. W. Sheng et al. [21] proposed an improvement of the second edition of
the non-dominated sorting of GA for optimal multiple DG placement with minimum system losses,
voltage regulation, and a maximum stability margin being the objectives. M. Tolba et al. [22] introduced
new techniques like HPSO along with a gravitational search algorithm and moth-flame optimization
that obtain the optimal location with renewable DG units to reduce system losses and operating costs
while improving the voltage stability and profile. The proposed methods have been tested on 33-bus
and 69-bus systems.

W. Lin and T. Ou [23] proposed a fault analysis method with hybrid compensation for unbalanced
distribution systems to analyze faults using the topological characteristics of these systems along
with the proposed hybrid compensation method. T. Ou et al. [24] used a novel intelligent damping
controller to improve the transient stability to reduce power fluctuations, and enhance the voltage and
damping in a hybrid power multi-system. T. Ou [25,26] also proposed a novel unsymmetrical faults
analysis method with hybrid compensation and a direct building algorithm for ground fault analysis
in micro-grid distribution systems.
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In this paper, a hybrid technique is utilized to identify the placement of shunt capacitors and to
compute their sizes in distorted radial distribution systems, considering ambient temperature effects.
This technique consists of a FES approach and the GA method. The FES is used to identify the suitable
placement of shunt capacitors, while the Genetic Algorithm is utilized to find their sizes. This paper is
set out as follows: Section 2 illustrates the problem formulation. The optimal locations of the shunt
capacitor are determined using the FES which is shown in Section 3. The GA is utilized to obtain the
optimal sizes which is illustrated in Section 4. The results and discussion for two case studies are
presented in Section 5. The conclusions are given in Section 6.

2. Problem Formulation

The proposed objective function for optimal capacitor placement is to maximize the cost savings
using the following equation [27]:

max.S = KP(∆Ploss) + KE(∆Eloss)− KCQc, (1)

where, S is the cost savings in dollars per year; KP = $120/kW is a factor to alter the active power
loss to dollars per year; KE = $0.05/kWh is a factor to alter the energy loss to dollars per year;
KC = $150/150 kVAR is a factor to alter the reactive power to dollars per yearl ∆Ploss is the difference
between the peak power loss before and after capacitor installationl ∆Eloss is the difference between
the energy loss before and after capacitor installation; and Qc is the injected reactive power in kVAR.

2.1. Load Flow

Load flow studies are the heart of power system analysis. They provide a solution for a power
system network during steady state under normal operating conditions which assists in continuous
surveillance of the current state of the system. They are utilized in planning, optimization, and stability
studies as well. Hence, an efficient and fast load flow method is required.

2.1.1. Fundamental Power Flow

A backward-forward sweep algorithm was used as a load flow tool to compute the fundamental
power loss [28]. The total fundamental power loss is defined by

P f
loss =

Nb

∑
q=2

Nb−1

∑
k=1

(
P2

e f f /q + Q2
e f f /q

V2
q

)
× Rk, (2)

where, P f
loss is the total fundamental active power loss; Pe f f /q and Qe f f /q are the effective active and

reactive power loads at bus q; Vq is the voltage at bus q; Nb is the number of system buses; Nb−1 is
the number of system branches; and Rk is the resistance at branch k, as shown Figure 1.
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2.1.2. Harmonic Power Flow

The harmonic power flow method presented by Y. Baghzouz [29] is used to calculate the harmonic
power loss as follows:

1. Compute the magnitudes of the bus voltages and their phase angles at the fundamental frequency
via the backward-forward sweep method.

2. Compute the fundamental currents, harmonic currents, harmonic load admittances, admittances of
the installed shunt capacitors, and the feeder admittances using Equations (3) to (7), respectively.

3. Calculate the harmonic voltages caused by the nonlinear loads from Equation (8).
4. Compute the RMS voltages and the Total Harmonic Distortion (THD) at each bus using

Equations (11) and (12), respectively.

I1
i =

(Pi − jQi)

conj(V1
i )

, (3)

Ih
i =

wi I1
i

h
, (4)

yload,h
i =

(1− wi)(Pi − jQi/h)∣∣V1
i

∣∣2 , (5)

yh
c = hy1

c , (6)

yh
i,i+1 = (Ri,i+1 + jhXi,i+1)

−1, (7)

Vh
1

Vh
2
.
.
.

Vh
m


=



Yh
1,1 Yh

1,2 0 0
Yh

2,1 Yh
2,2 .

0 . .
. . . 0
. . . Yh

m−1,m
0 Yh

m,m−1 Yh
m,m





Ih
1

Ih
2
.
.
.

Ih
m


, (8)

Yh
ij =

{
−yh

ij i f j 6= i

yh
i−1,i + yh

i+1,i + yload,h
i + yh

c i f j = i ∈ Sc

Ph
loss =

H

∑
h=2

m−1

∑
i=0

{
Ri,i+1

[
Vh

i+1,i −Vh
i

][
yh

i,i+1

]2
}

, (9)

Ploss = P f
loss + Ph

loss (10)

|Vi| =

√√√√ H

∑
h=1

∣∣Vh
i

∣∣2, (11)

where, wi is the nonlinear portion of the load at bus I; conj
(
V1

i
)

is the conjugate of the fundamental
voltage at the ith bus; Pi and Qi are the load active and reactive powers at the ith bus as shown in
Figure 2; THDi is the total harmonic distortion at each load; H is the maximum limit for the considered
harmonic orders; and Sc is the group of candidate buses for capacitor installation.

The harmonic currents produce harmonic voltages at the buses of the distribution system
which lead to an increase in the bus RMS voltages. This incrementally effects the placement of
the shunt capacitors.
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Figure 2. Single line diagram of an n-bus unbalanced Radial Distribution System (RDS).

2.2. Constraints

Equation (1), which is used as the objective function for solving the capacitor placement problem
in distribution systems, is subjected to the following constraints:

• The bus voltages (Vi) must be within their allowable minimum and maximum range limits:

Vmin
i ≤ Vi ≤ Vmax

i , (12)

where, Vmin
i = 0.95 p.u and Vmax

i = 1.05 p.u.
• The power flow (PFk) in each distribution line must be less than the maximum limit of power

flow in this line (PFmax
k ):

|PFk| ≤ PFmax
k . (13)

• The overall power factor (Pfoverall
) of the distribution system must be greater than or equal to the

lower limit of power factor (Pmin
foverall

) of this system as:∣∣∣Pfoverll

∣∣∣ ≥ Pmin
foverall

(14)

• The total injected reactive power (QTotal
C ) into the distribution system must be less than or equal

the total load reactive power (QTotal
L ) of this system:

QTotal
C ≤ QTotal

L .

The standard capacitor size of 150 kVAR is used.
• The waveform distortion of the bus voltages is measured through the maximum total harmonic

distortion THDv of the bus voltages as

THDi(%) =
100∣∣V1

i

∣∣
√√√√ H

∑
h 6=1

∣∣Vh
i

∣∣2, (15)

≤ THDmax
v f or i = 1, . . . , n. (16)

Bounds for (12) used are as stated by the IEEE-519 standard [30].

2.3. Ambient Temperature Modelling

The IEEE 34-bus standard system used in this study is used as a practical distribution system in
Riyadh city as well as a real part of Saudi Electricity Company (SEC) distribution system. The power
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consumption of Riyadh’s region was found to be 6.7 GW in 2016 [31]. This power has increased by
300 MW/◦C based on the following equation which was developed from Figure 3:

y = 300x + 6700. (17)

• The IEEE 34-bus RDS has Pd = 4.64 MW. The slope of increasing power consumption per one
degree Celsius can be found by (300 × 4.64 MW)/(6.7 GW) = 207.8(kW/◦C) . The relationship
between the power consumed by this system and the temperature is

y = 0.2078x + 4.64. (18)

• The SEC’s RDS has Pd = 2.581 MW. The slope of increasing power consumption per one degree
Celsius can be found by (300 × 2.581 MW)/(6.7 GW) = 115.6(kW/◦C). The relationship between
the power consumed by this system and the temperature is:

y = 0.1156x + 2.581, (19)

where, Pd is the power demand for each system; y is the power consumed in MW; and x is the
temperature in degrees Celsius (25–45).

Energies 2018, 11, x FOR PEER REVIEW  6 of 15 

 

 300 6700y x . (17) 

 The IEEE 34-bus RDS has 𝑃𝑑 = 4.64 MW. The slope of increasing power consumption per one 

degree Celsius can be found by (300 4.64MW) / (6.7GW) 207.8(k / )W  ℃ . The relationship 

between the power consumed by this system and the temperature is 

 0.2078 4.64y x . (18) 

 The SEC’s RDS has 𝑃𝑑 = 2.581 MW. The slope of increasing power consumption per one degree 

Celsius can be found by (300 2.581MW) / (6.7GW) 115.6(k / )W  ℃ . The relationship between 

the power consumed by this system and the temperature is: 

 0.1156 2.581y x , (19) 

where, 𝑃𝑑 is the power demand for each system; y is the power consumed in MW; and x is the 

temperature in degrees Celsius (25–45).  

 

Figure 3. Relationship between power consumption and temperature in Riyadh city. 

The ambient temperature increases the power consumption of the distribution system which 

leads to poor voltage regulation and more losses in distribution lines. The bus voltage significantly 

decreases due to the ambient temperature; this is important when solving the capacitor placement 

problem. 

3. Fuzzy Expert System for Capacitor Placement 

The fuzzy expert system provides a computational demonstration of empirical knowledge about 

a particular problem. L. Zadeh suggested the fuzzy logic method in 1965. The fuzzy logic method has 

been applied in numerous areas of knowledge, typically to solving optimization and control 

problems [32]. 

3.1. Methodology 

The indices of power loss and bus voltages are the inputs to the FES, while the Capacitor 

Sensitivity Index (CSI) is its output. Both the Power Loss Index (PLI) and the CSI range from 0 to 1 

p.u with five triangular membership functions for each. Meanwhile, the range of bus voltages 

fluctuates from 0.9 to 1.1 p.u with three trapezoidal and two triangular membership functions, as 

shown in Figures 4 to 6. 

Figure 3. Relationship between power consumption and temperature in Riyadh city.

The ambient temperature increases the power consumption of the distribution system which leads
to poor voltage regulation and more losses in distribution lines. The bus voltage significantly decreases
due to the ambient temperature; this is important when solving the capacitor placement problem.

3. Fuzzy Expert System for Capacitor Placement

The fuzzy expert system provides a computational demonstration of empirical knowledge about
a particular problem. L. Zadeh suggested the fuzzy logic method in 1965. The fuzzy logic method
has been applied in numerous areas of knowledge, typically to solving optimization and control
problems [32].
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3.1. Methodology

The indices of power loss and bus voltages are the inputs to the FES, while the Capacitor Sensitivity
Index (CSI) is its output. Both the Power Loss Index (PLI) and the CSI range from 0 to 1 p.u with five
triangular membership functions for each. Meanwhile, the range of bus voltages fluctuates from 0.9 to
1.1 p.u with three trapezoidal and two triangular membership functions, as shown in Figures 4–6.Energies 2018, 11, x FOR PEER REVIEW  7 of 15 
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To determine the PLI values, the reduction of the power loss through self-compensation of the
reactive power load at each bus is computed using the load flow tool. These reductions of power loss
are normalized into a range of (0, 1), where 0 and 1 are the lowest and highest values, respectively.
To compute the values of PLI, the following equation is used:

PLI(i) =
LR − LMAX

LMAX − LMINN
, (1)

where, LR is the power loss reduction; LMIN is the minimum power loss reduction; LMAX is the
maximum power loss reduction; N is a bus number; and LMINN is the minimum power loss reduction
at bus N.

To solve the shunt capacitor placement problem, the FES rules identify the optimal locations of
the capacitor. These rules are declared as IF premise (antecedent) and THEN conclusion (consequent)
statements. In this paper, the input antecedents are the per unit (p.u) bus voltages and the normalized
PLI values, and the outputs are the CSI values. The rules are summarized in a matrix form, called
a decision matrix, which is given in Table 1. In this work, 25 rules were built. For instance, If PLI is
Low–Medium (LM) and Voltage (V) is Low–Medium (LM), then the CSI will be Low–Medium (LM)
and so on.

Table 1. Decision matrix for Capacitor Sensitivity Index (CSI).

CSI
V

L LM M HM H

PLI

L LM LM L L L
LM M LM LM L L
M HM M LM L L

HM HM HM M LM L
H H HM M LM LM

3.2. Fuzzy Expert System Steps

The steps of the FES explain the procedure for identifying the buses that are the most suitable for
capacitor placement, as shown in Figure 7.
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4. Genetic Algorithm for Capacitor Sizing

The Genetic Algorithm is an Artificial Intelligence (AI) technique based on the evolutionary
principle that inspired by natural reproduction [33]. This algorithm is applied on RDS to compute
the optimum shunt capacitors’ sizes that aneed to be sited at optimal locations which are identified
by FES on a distribution system, so the objective or the fitness function is maximized within a set
of constraints.

4.1. Genetic Algorithm Search Space

A search space of a GA contains a population of individuals; each population gives a potential
solution to a specified optimization problem. Each individual of this population is coded as a finite
vector of length variables. These individuals resemble chromosomes, while the variables are like the
chromosomes’ genes. Therefore, the potential solution involves several variables. A fitness value is
given for each solution which represents the capability of each individual to survive.

The individual with the optimal fitness score is determined. The GA seeks to utilize eclectic
breeding of the solutions to make new offspring or a generation better than the parent generation
through merging the information from the parents’ chromosomes. A population of n solutions or
individuals associated with their fitness scores is preserved within the search space of GA. Parents are
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chosen to mate, making an offspring via a propagative plan. Therefore, very fit solutions or individuals
have more chances to propagate so that the offspring receive characteristics from each parent.

The individuals or solutions in the population die out and are superseded by new solutions,
finally producing new offspring. In this manner, it is anticipated that through successive generations,
better solutions will flourish, while the least fit solutions will die out. In the end, after the population
of individuals converges and offspring that do not propagate distinctly differ from those in previous
generations, the GA itself is said to have approached the objective function’s optimal solution.

4.2. Genetic Algorithm Operators

Once an initial population of the individuals has been randomly produced, the genetic algorithm
goes through its three operators:

• Selection normalizes the survival of the fittest.
• Crossover refers to propagation between individuals.
• Mutation makes random alterations.

4.3. Genetic Algorithm Steps

(1) Create a population at candidate buses with random capacitors sizes and set this as Gen= 1.
(2) Use the backward-forward sweep algorithm as a load flow tool to determine the values of the

bus voltages and power losses.
(3) Calculate the fitness values of the objective functions.
(4) Choose the parent strings using a roulette wheel selection mechanism.
(5) Execute the crossover and mutation operations on the selected strings to get new strings for the

generation of the next offspring.
(6) Repeat steps 2 to 5 until the difference between the best fitness value of the objective function

and the average fitness of all possible solutions is less than a specified error.
(7) Print the best fitness of the objective function.

5. Results and Discussion

The proposed technique was tested on two radial distribution systems, consisting of the IEEE
34-bus system and the 7151C-bus system as a part of the SEC distribution system. The locations for
placement of the capacitors were identified by FES and their sizes were evaluated using GA. The
injection of harmonic currents included harmonics in the order of 3, 5, 7, 11, 13, 17, 19, 23, 25, 29, 31, 35,
37, 41, 43, 47, and 49 at a nominal frequency 60 Hz, where 15% of each load (wi) was a nonlinear load.
A peak load duration (T) of 2190 hours was used.

5.1. Simulation of the IEEE 34-Bus Radial Distribution Systems

The IEEE 34-bus radial distribution feeder consisted of a slack bus (bus 1), 33 PQ buses, and 33
branches, as shown in Figure 8. Its substation transformer was rated at 5.68 MVA and 11 kV [34].
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The ambient temperature effects on this system were studied using Equation (14). Before Capacitor
Placement (BCP), the initial average power loss for this system was 515.14 kW. The maximum and
minimum average voltages values were 1.02 and 0.9219 p.u, respectively. The total annual average
power and energy loss reduction costs were $61,817 and $56,408. After the FES approach was applied
to this system, it was observed that the shunt capacitor needed to be installed at five optimal locations,
i.e., buses 26, 24, 23, 25 and 22, where the capacitor sensitivity index values were highest, as shown
in Figure 9. The capacitor bank size was determined using the Genetic Algorithm. The total average
capacitor size installed into this system was 2.10 MVAR which gave a percentage loss reduction of
36.15%. As shown in Figure 10, the voltage constraint was attained when the maximum and minimum
values were 1.03 and 0.9554 p.u, respectively. The total annual average power and energy losses costs
were $23,334 and $21,292, with an average cost saving of $42,080 where the benefit–cost ratio was 16.5,
as illustrated in Table 2. Before capacitor placement, the 34-bus system was severely distorted by the
nonlinear loads. The obtained results of THDs at all buses were over 8%. After capacitor placement,
the THD was kept within the permissible limits (5%).
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capacitor installation.

Table 2. Average results for the IEEE 34-bus Radial Distribution Systems.

Bus No BCP (MVAR) Proposed (MVAR)

26 0 0.320
24 0 0.190
23 0 0.190
25 0 0.200
22 0 1.200

Total MVAR 0 2.100
Max. voltage (p.u) 1.02 1.03
Min. voltage (p.u) 0.9219 0.9554

Max. THD 9.37 5
Power losses (kW) 515.14 320.69

Reduction (%) 0 36.15
Capacitor cost ($/year) 0 2550

Power loss reduction cost ($/year) 61,817 23,334
Energy loss reduction cost ($/year) 56,408 21,292

Benefit ($/year) 0 42,080
Benefit–cost ratio 0 16.5

5.2. Simulation of the 7151C-Bus RDS

The 7151C bus is a real radial distribution system of the SEC, consisting of a slack bus (bus 1),
16 PQ buses, and 17 branches, as shown in Figure 11. The rating of its nominal substation transformer
are 2.96 MVA and 13.8 kV. Its line and load data are given in Table A1.
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The ambient temperature effects on this system were also studied using Equation (15). Before
capacitor placement, the initial average power loss for this system was 137.49 kW. The maximum and
minimum average voltages values were 1.03 and 0.9761 p.u, respectively. The total annual average
power and energy loss reduction costs were $16,500 and $15,055. After the FES approach had been
applied to this system, it was determined that the capacitors should be installed at three optimal
locations, i.e., buses 4,3 and 5, where the capacitor sensitivity index values were highest, as shown
in Figure 12. The capacitor bank size was calculated using the Genetic Algorithm. The total average
capacitor size installed into the system was 1.240 MVAR which gave a percentage loss reduction of
34.35%. Figure 13, shows that the voltage constraint is attained when the maximum and minimum
values were 1.0 and 0.9685 p.u, respectively. The total annual average power and energy loss reduction
costs were $6000 and $5478 with an average cost saving of $10,128 when the benefit–cost ratio was 7.5,
as illustrated in Table 3. Before capacitor placement, the 7151C-bus system was severely distorted by
the nonlinear loads. The obtained THD results at all buses were over 7%. After capacitor installation,
in this case, the THD was managed within the prescribed limits (5%).
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Figure 13. Bus voltages for the 7151C-bus radial distribution system: before capacitor installation and
after capacitor installation.

Table 3. Average results for the 7151C-bus RDS.

Bus No BCP (MVAR) Proposed (MVAR)

4 0 0.700
3 0 0.110
5 0 0.430

Total MVAR 0 1.240
Max. voltage (p.u) 1.03 1
Min. voltage (p.u) 0.9761 0.9685

Max. THD 8.76 4.2
Power losses (kW) 137.49 87.46

Reduction (%) 0 34.35
Capacitor cost ($/year) 0 1350

Power loss reduction cost ($/year) 16,500 6000
Energy loss reduction cost ($/year) 15,055 5478

Benefit ($/year) 0 10,128
Benefit–cost ratio 0 7.5

5.3. Limitations

The capacitor placement problem was solved by installation of new capacitor banks with proper
size and placement in radial distribution systems. However, there still appears to be some limitations
which require further research, such as the high running time of the codes, the limitation of the
backward-forward sweep algorithm to radial distribution systems, the assumption that the temperature
was 25–45 degrees Celsius which means that it was applied for only summer days, and the assumption
that 15% of each load (wi) was a nonlinear load only.

6. Conclusions

A hybrid technique consisting of the fuzzy expert system approach and the Genetic Algorithm
method was offered for solve the placement problem of a new installed capacitor for an IEEE 34-bus
distorted distribution system with consideration of ambient temperature effects. Additionally, a real
distribution system of the SEC was used to show the capability of the proposed technique. The FES
was used to specify the crucial buses or locations for such placement and the optimum capacitor size



Energies 2018, 11, 1585 15 of 17

was obtained using the Genetic Algorithm method. The results of the simulation revealed that the
value of THD did not surpass the maximum allowable level of the harmonic distortion at each bus,
the total power and energy losses were reduced, and the voltage profile was improved. The potential
cost of power and the energy losses, savings and the benefit–cost ratio were also studied. As a result,
the proposed technique provides a potential tool to improve the efficiency of the distribution systems
which can help the operators in a smart grid environment with the consideration that temperatures
differ from region to region and from one country to another and must be considered to maintain
accurate analysis. The proposed technique can be applied for the placement of shunt capacitors in three
phase radial or mesh large distribution systems or for the placement of voltage regulators, on-load tap
changer transformers, and flexible ac transmission systems in distribution systems.

Author Contributions: The authors contributed equally to this work.

Acknowledgments: The authors would like to thank the Deanship of scientific research for funding and
supporting this research through the initiative of DSR Graduate Students Research Support (GSRS). The authors
would like also to thank Saudi Electricity Company (Riyadh, Saudi Arabia) for providing the real data for
this research.
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Appendix A

Table A1. Data of the 7151C-bus radial distribution system.

From Bus, i To Bus, i + 1 R i, i + 1 (Ω) X I, I + 1 (Ω) PL (kW) QL (kVAR)

1 2 0.804 1.16 116.2 56.3
2 3 0.2412 0.348 464.8 225.1
3 4 0.402 0.58 508.5 246.3
4 5 0.1206 0.174 290.5 140.7
5 6 0.1206 0.174 159.8 77.4
6 7 0.201 0.29 101.6 49.2
3 8 0.1206 0.174 125.8 60.9
4 9 0.1608 0.232 72.6 35.2
4 10 0.3216 0.464 48.4 23.5
4 11 0.402 0.580 14.5 7
9 12 0.0965 0.1392 87.1 42.2
9 13 0.0161 0.0232 0 0

13 14 0.2412 0.348 145.3 70.4
13 15 0.201 0.29 145.3 70.4
15 16 0.1608 0.232 14.5 7
16 17 0.1608 0.232 193.6 93.8
15 18 0.3216 0.464 96.8 46.9
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