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ABSTRACT Simultaneous control and operation of Capacitor Banks (CBs) and Distributed Generators
(DGs) with Distribution Network Reconfiguration (DNR) is the most important modern trend for distribution
systems performance enhancement. The complexity and variety of the control variables of this problem
represent a challenge for distribution systems planners and operators as well as interested researchers.
Optimal solution can provides quantitative as well as qualitative power service to satisfy consumers’
satisfaction and reduces dissipated energy. Furthermore, performance enhancement of distribution systems is
very vital where improving their performance directly affects the performance of transmission and generation
systems. For solving the considered problem, an improved Tunicate Swarm Algorithm (ITSA), which
imitates the swarming behaviors of the marine tunicates and their jet propulsions during its navigation
and foraging procedure, is proposed. In ITSA, Lévy flight distributions are emerged in the traditional
Tunicate Swarm Algorithm (TSA), which improves the diversification searching abilities of the TSA and
consequently avoids the stagnation possibilities. The proposed ITSA is applied and tested for optimal DNR
simultaneously with optimal control of the switched CBs and dispatchable DGs taking into account daily
load variations. The ITSA is compared with other techniques on the standard 33-bus, 69-bus and the large-
scale 119-bus distribution systems considering different automation scenarios of the distribution systems.
The simulation results reveal that significant enhancement in distribution system performance is obtained
through the application of the proposed automation process using the ITSA. ITSA can efficiently search for
the optimal solutions of the problem and outperforms the other existing algorithms in the literatures.

INDEX TERMS Automated distribution systems, distributed generators, power losses, tunicate swarm
algorithm, voltage stability, distribution network reconfiguration.

I. INTRODUCTION
The rising economic growth in many countries meets a great
acceptance, especially the developing ones, which clearly
appears in continuous increase of electric power demand
[1]. Distribution networks represent the most wide spread
part among generation, transmission and distribution sys-
tems, which is the final connection between high voltage
transmission systems and medium/low voltage consumers.
This continuous increase of electric power demand over the
rates of the generation and transmission systems expansion
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may cause an obstacle for many electrical networks due to the
restrictions imposed on the prices of electricity production.
As well, various reasons have been attributed to the inability
to extend electric service of the conventional distribution
systems such as the aging of existing distribution networks
and the dependence on single feeding source and single path
of loads feeding [2], [3]. These may result in significant
power losses in distribution systems, which may cost elec-
tric utilities millions of dollars per day. Not only that, but
also poor service quality may cause severe damage to many
modern electrical devices due to its sensitivity to voltage
variations [4]. In such stressed circumstances, the distribution
systems planners and operators must face such challenges and
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provide quantitative as well as qualitative power service to
satisfy consumers’ satisfaction and reduce dissipated energy.
Analyzing the performance of distribution systems became
very vital where improving their indices directly affects the
performance of transmission and generation systems as well
as providing luxury and consumers’ satisfaction.

Performance enhancing of the distribution systems
requires generally the use of additional enhancement devices
and automating the existing distribution systems to maximize
benefit of the existing and additional devices [5]. The use
of additional enhancement devices such as capacitor banks
(CBs) and distributed generators (DGs) can relive feeder
overloading and enhance the system performance. Unfortu-
nately, even with the advent of DGs and utilization of CBs
in modern distribution systems, power system operators still
face challenges to provide optimal operation and control
of the distribution systems to meet load demand variations
with reliable and qualified service. Therefore, new trends
seek to automate the existing distribution systems to max-
imize benefits of these devices. The targeted automation
process includes controlling the operation of the connected
DGs and CBs as well as reconfiguration of the distribution
systems to reduce system losses, improve voltage profile,
relive feeders and substation loading, improve power quality
and enhances system reliability [6], [7]. Distribution network
reconfiguration (DNR) is the process of optimal restructur-
ing (tying and sectionalizing) the distribution networks by
altering the normally open and normally closed switches
within the distribution network. Reconfiguration of distribu-
tion systems or addition of external enhancement devices in
indiscriminately or inappropriate manner adversely affect the
performance of distribution systems [7], [8].

CBs, DGs and DNR are not new topics in perfor-
mance enhancement of distribution systems, where a lot
of researchers got attracted to enhance the performance of
the distribution systems by introducing different techniques.
Some of these literatures handle the distribution system per-
formance enhancement by separate utilization of CBs, DGs
and DNR or combined. Also, different solution techniques
were introduced such as the analytical techniques, meta-
heuristic and artificial intelligent techniques. As well, single
objectives and multi-objectives formulation were considered.
In addition, different loading scenarios were introduced.

Optimal placement and control of CBs, DGs and DNR
considering the power losses minimization, loadability
improvement, voltage profile improvement, and reliability
enhancement of the distribution systems either in separate
manner or combined are the main target of distribution sys-
tem planners, operators and researchers [9]. Various solution
algorithms have been proposed in the literatures to optimally
solve this problem, which can be classified into analyti-
cal, meta-heuristic and artificial intelligence techniques [10].
While the analytical techniques are simple and fast but they
suffer from a lack of accuracy due to the usage of relax-
ation to find the optimal solution and can’t be applied for
multi-objectives.Meta-heuristic techniques can overcome the

shortcomings of conventional analytical or heuristic methods,
which guarantees that a globally optimal solution can be
found [2].

Analytical techniques of DNR are usually based on distinct
switching approaches such as interchange switch strategy
[11]; close-all switch strategy [12]; sensitivities computa-
tion method [13]; derivative a set of linear current flows
[14]. Different analytical techniques of CBs placement on
distribution systems are also introduced in literatures, which
are mainly based on voltage sensitivity index [15] or power
losses sensitivity index [16]. As well, the allocation of DGs in
distribution systems has been introduced using the analytical
techniques such as; modal analysis and continuous power
flow [17]; symbiotic organism search (SOS) based approach
[18], loss sensitivity factor (LSF) [19], which are widely used
in literatures.

To optimize the utilization of CBs, DGs and DNR, new
meta-heuristic techniques have been introduced in many lit-
eratures in the last two decades. Capacitors’ allocations and
control have been studied using a range of meta-heuristic
methods such as; plant growth algorithm [20]; evolution-
ary algorithm [21]; teaching learning optimization algorithm
[22]; particle swarm optimization algorithm [23]; gravita-
tional search algorithm [24]; ant-colony optimization algo-
rithm [25]; grasshopper optimization algorithm [26]. Simi-
larly, DGs got attention from researchers for optimal allo-
cation. A number of meta-heuristic techniques has been
introduced in literatures such as; one rank cuckoo search
algorithm [27], which is formulated with multi-objectives
of power loss minimization, voltage deviation minimization
and voltage stability improvement; grey wolf optimizer [28];
stochastic fractal search algorithm [29]; particle swarm opti-
mization [7]; multi-objective chaotic differential evolution
[30]. As well, numerous meta-heuristic techniques have been
introduced for DNR to enhance the distribution system per-
formance such as; fireworks algorithm [31]; cuckoo search
algorithm [32]; genetic algorithm with varying population
[33], [34]; harmony search algorithm [6]; selective firefly
algorithm [4].

Combining CBs, DGs and DNR with each other greatly
improves the performance of distribution systems, but in
return the number of control variables is increased, which
increases the complexity of this problem. This in turn, moti-
vated researchers to use new techniques for optimal operation
and control of the distribution system devices. Optimal DNR
and CBs placement is simultaneously introduced in litera-
tures using different algorithms such as; population-based ant
colony search algorithm [35]; hybrid harmony search algo-
rithm [36]; discrete genetic algorithm [37]; improved binary
particle swarm optimization method [38]; hybrid shuffled
frog leaping algorithm in the fuzzy framework [39]. Sim-
ilarly, optimal DNR and DGs placement is simultaneously
introduced in literatures based on different algorithms such
as; genetic algorithm [40]; artificial bee colony algorithm
[41]; improved elitist–jaya algorithm [10]; improved sine–
cosine algorithm [42]. Also, optimal CBs and DGs placement
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in distribution systems has been introduced in different litera-
tures using meta-heuristic techniques such as; particle swarm
optimization [7]; genetic algorithm [43], enhanced grey wolf
algorithm [3].

It is rarely to find simultaneous allocation and control of
CBs, DGs and DNR in literatures for its complexity and
variety of control variables. Also, different literatures intro-
duce the optimal operation of the distribution systems at
peak demand only neglecting practical load variation, which
sometimes conflict with practical operating conditions of
distribution systems. These variety of the control variables
and complexity of introducing a fully automated distribu-
tion system by optimal control of the DNR, CBs and DGs
simultaneouslymakes an urgent need to introduce an efficient
technique to solve this problem.

Recently, Tunicate Swarm Algorithm (TSA) is a bio-
inspired meta-heuristic optimizer algorithm that is firstly
proposed by S. Kaur et al. in 2020 [44]. Its inspiration and
performance are effectively proven over seventy-four bench-
mark problems compared with several other optimization
approaches. Also, it has been applied with great perfor-
mance for different constrained and unconstrained engineer-
ing design problems like pressure vessel, welded beam, speed
reducer, 25-bar truss, tension/ compression spring, rolled
element bearing, and loaded structure displacement. This effi-
cacy and unpretentious structure opens the research direction
to employ and improve this algorithm for the considered
problem. A fully automated process of the distribution system
is introduced in this paper using a new proposed improved
tunicate swarm algorithm (ITSA). The main contributions of
the proposed technique are;
• A new proposed ITSA is introduced with an updating
process of the conventional TSAwhich is based on infor-
mation related to the best tunicate position and social
interaction between the tunicates themselves, which
create a very high intensification in the search space.
On the other side, the diversification of the search agents
requires upholding. Therefore, Lévy flight distributions
(LFDs) are emerged in the traditional TSA. This emerg-
ing improves the diversification searching abilities of the
TSA and consequently avoids the stagnation possibili-
ties.

• Simultaneous allocation and control of CBs, DGs and
DNR are introduced using the ITSA. This problem is
considered one of the most complex planning and oper-
ation problems of distribution systems for its complexity
and variety of the control variables.

• Dynamic DNR and optimal control of the switched CBs
and dspatchable DGs with daily load variation are intro-
duced using the proposed ITSA.

• Application of the proposed ITSA and comparison with
conventional TSA and other previous techniques are
introduced on a standard 33-bus and 69-bus distribution
systems with different automation scenarios. Added to
that, the scalability and flexibility of the proposed ITSA
are verified on the large scale IEEE 119-bus distribution

network. The obtained results prove that the proposed
ITSA is reliable, scalable promising and high solution
quality compared with the other methods reported in the
literatures.

The rest of this paper is organized as follows: Section II
describes the mathematical formulation of the consid-
ered problem. Section III describes the proposed modified
improved tunicate swarm algorithm and the implementation
of the proposed ITSA for simultaneous DNR with optimal
control of switched CBs and dispatchable DGs. Section IV
provides the results obtained by applying the proposed algo-
rithm to fully automate the distribution system using simulta-
neous DNR and optimal control of CBs and DGs for different
standard test systems and different case. Overall conclusion
is provided in Section V.

II. PROBLEM FORMULATION
Automation of distribution systems is one of the most favor-
able and effective structures for improving the power service
reliability and the network performance [45]. Automation
systems can do immediate switching actions with suitable
and optimized network reconfigurations, as proposed in this
paper. These prompts automated switchings have been dis-
cussed for reducing the outage-experienced loading points
with fault occurrences to support the power service reliability.
In this discussed paper, the automation level has been formu-
lated through a cost/benefit analysis to place the automatic
switches in the network [46]. In addition, a fully automated
network has been considered as it is always ever for power
utilities where automatic switches have been considered at
each branch segment. On the other side, DGs and switched
CBs have not been integrated despite their great penetration
in modern power systems. In this paper, DGs are considered
with immediate control through a reliable communication
links with the control center. Not only that but switched CBs
are also included to control its operating steps with installed
automatic step-switches. The automatic switches and the
communications are parts of two major requirements for
advanced distribution automation [47], where the electrical
system and the communication architectures must be devel-
oped together to handle an automated distribution network.

Usually the main target of the distribution systems oper-
ators and planners is to fulfill the customer requirements
and achieve efficient operation to these systems. Therefore,
the objective function (OF) is mainly to minimizes the overall
power losses through the distribution network while satis-
fying the related equality and inequality constraints. This is
mathematically expressed as follows:

OF = Min


Nbr∑
br=1

Plossbr

 (1)

where, Nbr is the total number of system branches.
This formulation searches for the optimal DNR of the open

lines for re-configuration purpose and the optimal alloca-
tion and control of the CBs and DGs with different loading
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conditions. The locations of the CBs and DGs should be fixed
whatever the loading is varied. On contrary, the CBs and DGs
outputs can be optimally dispatched for maximizing their
allocation benefits. Thus, the vector of the control variables
(CV) is as follows:-

CV= {[OT1 ,OT2, . . . . . . ., OTNo︸ ︷︷ ︸
Open Tie branches

];

[Qsw1,Qsw2, . . . . . . ,QswNC︸ ︷︷ ︸
Operating step of switched capacitors

]; [Pg1,Pg2, . . . . . . ,PgNdg︸ ︷︷ ︸
Output power of DGs

]}

(2)

where, OT is the tie branches to be open; No indicates the
number of branches that must be opened to keep radial struc-
ture of the distribution systems; Qsw is the reactive output
reactive power from switched CBs; NC is the number of
the existed switched CBs; Pg is the DG dispatchable output
power; Ndg is the number of the existed DGs.
Solving the objective function must maintain the equality

and inequality operation constraints to keep system reliability
and service quality, which are formulated as follow:

1 ≤ OTj ≤ No, j = 1, 2, . . . . . . . No (3)

Qswmin
≤ Qswj ≤ Qswmax, j = 1, 2, . . . . . . . NC (4)

Pgmin
≤ Pgj ≤ Pgmax, j = 1, 2, . . . . . . . Ndg (5)

Vmin
n ≤ Vn ≤ Vmax

n , n = 1, 2, . . . .. . .Nb (6)

|Ibr| ≤ Imax
br , br = 1, 2, . . . . . . . Nbr (7)

NC∑
j=1

Qswj ≤ PRQ

Nb∑
n=1

(Qdn) (8)

Ndg∑
j=1

Pgj ≤ PRG

Nb∑
n=1

(Pdn) (9)

QGSub +

NC∑
j=1

Qswj


Lc

>

Nb∑
n=1

(Qdn)Lc,

Lc = 1, 2,. . . . . .NLc (10)PGSub +

Ndg∑
j=1

Pgj


Lc

>

Nb∑
n=1

(Pdn)Lc,

Lc = 1, 2,. . . . . .NLc (11)

where, Qswmin and Qswmax are, respectively, the minimum
and the maximum output reactive power from switched CBs;
Pgmin andPgmax are the minimum and maximum output
active power from DGs, respectively; V indicates the volt-
age magnitude; Ibr and Imax

br refer to the current flow of the
branches and their maximum limit; Qd and Pd refer to the
reactive and active load demand; PRQ and PRG are the accept-
able penetration level of the CBs and DGs, respectively; Nb
is the number of the system buses; QGsub and PGsub are the
reactive and active power that supplied from the substation,
respectively; NLC is the number of selected load conditions;
the subscripts ‘‘min’’ and ‘‘max’’ refers to the minimum and
maximum of each corresponding variable.

Equations (3-5) bound the control variables of the open
tie branches and control variables of CBs and DGs. Equa-
tions (6 and 7) represents the inequality limits of the voltage
quality at each loading condition and the safe ampere loading
of each branch. Equations (8 and 9) ensure that the output
power from the CBs and DGs at any loading condition should
not exceed the acceptable penetration level which is specified
as 60% of the system loading [48]. Equations (10 and 11)
assure powering all the loads in the network as the supplied
power from the substations and the CBs and DGs must be
more than the loads bulk.

In addition, the active and reactive balance equations
should be maintained at each load condition as follow:

PGSub +

Ndg∑
i=1

Pgi −
Nbr∑
br=1

Plossbr =
Nb∑
j=1

Pdj (12)

QGSub +

NC∑
i=1

Qswi −

Nbr∑
br=1

Qlossbr =
Nb∑
j=1

Qdj (13)

Furthermore, the radial topology of the network should be
kept for operation by forming a branch-bus incidence matrix
as follows [49], [50]:

Aij =


0, if line i isn’t connected to bus j
−1, if the line i enter to bus j
1, if the line i exits from bus j

(14)

The voltage deviation index (VD) and the overall voltage
stability index (OVSI) expressed by (15) and (16) are used
to analyze the distribution system performance.

VD =
Nb∑
n=1

(1− Vn) (15)

OVSI =
Nb∑
n=1

VSIn (16)

where, VSIn is the voltage stability index at bus (n). This
index is varied from zero at voltage collapse point to unity
at no load, which can be easily calculated as in (17).

VSIn = V4
n-1 − 4(Pn,effXn-1-Qn,effRn-1)2

− 4(Pn,effXn-1-Qn,effRn-1)V2
n-1, n = 2, . . .Nn (17)

III. IMPROVED TUNICATE SWARM ALGORITHM
In this section the new improved tunicate swarm algorithm is
introduced for optimal allocation and control of the CBs and
DGs with optimal DNR considering practical load variations.

A. TUNICATE SWARM ALGORITHM (TSA)
The standard tunicate swarm algorithm is very simple
bio-inspired meta-heuristic optimization algorithm that was
firstly proposed by S. Kaur et al. in 2020 [44]. Its inspira-
tion and performance were effectively proven over seventy-
four benchmark problems compared with several other
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optimization approaches. Its efficacy and unpretentious struc-
ture draw the attention to employ and improve this algo-
rithm for the considered problem. Mainly, TSA imitates the
swarming behaviors of the marine tunicates and their jet
propulsions during its navigation and foraging procedure.
In TSA, a population of tunicates (PT) is swarming in order
to search for the best source of food (SF) which represents
the fitness function. In this swarming, the tunicates updating
their positions related to the first best tunicates that are stored
and upgraded in each iteration. The TSA begins where the
tunicates population is initialized randomly considering the
permissible bounds of the control variables. The dimension
of the control variables composes each tunicate (T) that can
be initially created as:

Tn(m) = Tmin
n + r.(Tmax

n − Tmin
n ) ∀m ∈ PTsize&n ∈ Dim

(18)

where, T(m) is the position of each tunicate (m); n refers
to each control variable; r is a random number within range
[0,1]; PTsize is the number of the tunicates in the population;
Dim is the dimension of the control variables.

The update process of the tunicates position is executed
through the following formula:

Tn(m) =
Tn
∗(m)+ Tn(m− 1)

2+ c1
∀m ∈ PTsize&n ∈ Dim

(19)

where, T∗ refers to the updated position of the mth tunicate
based on (20); T(m-1) refers to the neighbor tunicate; c1 is a
random number within range [0,1].

T∗n(m) =

{
SF+ A. |SF− rand.Tn(m)| if rand ≥ 0.5
SF− A. |SF− rand.Tn(m)| if rand < 0.5

(20)

where, SF is the source of food which is represented by
the best tunicate position in the whole population; A is a
randomized vector to avoid any conflicts between tunicates
and each other’s which is modelled as:

A =
c2 + c3 − 2c1

VTmin + c1(VTmax-VTmin)
(21)

where, c1, c2 and c3 are random numbers within range [0,1];
VTmin and VTmax represent the premier and subordinate
speeds to produce social interaction.

B. IMPROVED TUNICATE SWARM ALGORITHM (ITSA)
In conventional TSA, the new positions of the tunicates are
updated via (19) based on information related to the best
tunicate position and social interaction between the tuni-
cates themselves. This creates very high intensification in
the search space. On the other side, the diversification of
the search agents requires upholding. Therefore, an improved
version is introduced by emerging Lévy flight distributions
(LFDs) in the TSA. This emerging improves the diversifica-
tion searching abilities of the TSA and consequently avoids

the stagnation possibilities. LFDs are emerged with keeping
the simple TSA structure and same computational burden
where each tunicate in each iteration may take the same
updating process or take the LFDs [51]. To do so, the updating
mechanism in (20) is replaced by (22):

T∗n(m) =



Tn(m)+ σ ⊕ Levy(β) if I/MaxIt < rand
SF+ A. |SF+ rand.Tn(m)|

if I/MaxIt > rand & rand ≥ 0.5
SF− A. |SF− rand.Tn(m)|

if I/MaxIt > rand & rand < 0.5

(22)

where, I refers to the current iteration; MaxIt is the maximum
number of iterations; σ is the step size; ⊕ refers to the entry
wise multiplication and β is the LFD coefficient. The second
term in the first part in (22) represents the randomized Lévy
flights to randomly generate new positions of the tunicates
based on random walk. This term can be calculated as fol-
lows:

σ ⊕ Levy(β) ≈ 0.01
u

|v|1/β
(T (m)− SF) (23)

where, u and ν are normally distributed random number.
Fig. 1 shows a flowchart of the proposed ITSA. The steps

can be summarized as follow:

Step 1: Initialize the tunicate population using (18).
Step 2: Specify VTmin and VTmax parameters (VTmin = 1;

VTmax = 4 [47]), and MaxIt.
Step 3: Calculate the fitness function related to each tunicate

position.
Step 4: Exclude the tunicate position with the best fitness as

a source of food (SF).
Step 5: Update the positions of the tunicates using (22).
Step 6: Remedy any violated control variable by selecting

the nearest limit
Step 7: Compute the fitness function related to each new

position search and update the tunicate position if
it has fitness.

Step 8: Increase the iteration step by one and if it is not equal
to MaxIt, repeat the Steps 5–8.

Step 9: Output the optimal solution that is obtained so far.

IV. RESULTS AND DISCUSSION
In this section the new ITSA is introduced for optimal allo-
cation and control of CBs and DGs with optimal DNR con-
sidering practical load variations. The proposed ITSA and
classical TSA are applied, tested and compared on three
standard test systems. The first test system is the 33-bus
radial distribution system with 33-bus, 12.66-kV rated and
total demand of 3.715 MW and 2.3 MVAr [26]. The second
test system is the 69-bus power system with a total load
of 3.802 MW and 2.694 MVAr [26]. The third system is the
large-scale standard IEEE 11kV, 119-bus radial distribution
system with 118 branches. The total load of the system is
22.71 MW and 17.04 MVAr [43].
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FIGURE 1. A flowchart of the Improved Tunicate Swarm Algorithm.

Four cases are considered in this paper for optimal alloca-
tion and control of the CBs, DGs and DNR, which simulate
the different scenarios of automation process:

Case 1: Optimal allocation of the CBs and DGs at peak load
demand and initial system configuration.

Case 2: Optimal DNR with optimal control of the CBs and
DGs at continuous load variations.

Case 3: Optimal DNR with optimal control of the CBs and
DGs at discreet load representation.

Case 4: Comparative study of the proposed ITSA and other
techniques.

The used CBs and DGs should have a fixed location and fixed
rated power, therefore the objective of Case 1 is to optimally
determine the locations and sizes of the CBs and DGs. The
rated power and location of the CBs and DGs are determined
at peak load demand using the proposed ITSA with losses
minimization objective function. Also, in this case, the system
performance with the optimized CBs and DGs is evaluated.

With continuous load variations, the CBs, DGs and system
topology should be optimized to achieve operation of the
distribution system. Case 2 introduces an optimal determina-
tion of DNR with optimal control of the previously allocated
switched CBs and connected dispatchable DGs. The daily
load variation is considered in this case, to simulate the
dynamic operation of automated distribution system.
Case 3 introduces optimal DNR with optimal control of

the switched CBs and connected DGs at discrete load levels.

Four loading levels are considered which can be applied to
reduce the switching number of the automated devices.
Case 4 introduces a comparison between the results

obtained by the proposed ITSA and classical TSA as well as
other various efficient optimizers. The objective of this case is
to evaluate the effectiveness, scalability and flexibility of the
proposed ITSA in terms of computation time, convergence
characteristics, statistical analysis, optimal solution achieve-
ment and stuck behavior.

The parameters of ITSA are: Maxit=100, m =20, number
of runs=10 for each case. MatlabR2017b is used to perform
the simulations on a system with 8 GB of RAM and intel(R)
Core (TM) i7-7200U CPU (2.5 GHz).

A. OPTIMAL ALLOCATION OF THE CBs AND DGs AT PEAK
LOAD DEMAND AND INITIAL SYSTEM CONFIGURATION
(CASE 1)
The overall system performance and control procedure is
affected by sites and sizes selection of the DGs and switched
CBs. The main merit of the considered Case 1 is to handle
this important issue. In this case, the rated power and location
of the CBs and DGs are optimally determined based on the
proposed ITSA considering the peak load demand with losses
minimization objective function. Also, in this case, the system
performance with the optimized CBs and DGs is evaluated.
This case represents the base case of automated distribution
systems where the benefits of the automation process in their
operating points and DNR application will be discussed in the
other cases. With continuous load variations, the CBs, DGs
and system topology should be optimized to achieve optimal
operation of the distribution system.

As stated earlier, the used CBs and DGs in distribution
systems should have a fixed location and fixed rated power,
which normally determined at peak load demand. Controlled
capability of the switched CBs and dispatchable DGs allows
the distribution system operators to control their operation
with load variations. The proposed ITSA is applied on the
33-bus and 69-bus test systems and the obtained optimal
locations and sizes of CBs and DGs are given in Figs. 2 and
3, respectively. The CBs and DGs sizes are discretized to the
nearest suitable size.

1) 33-BUS TEST SYSTEM
Applying the proposed ITSA on the 33-bus test system for
optimal allocation of the CBs and DGs, the optimal allocation
of the CBs on the 33-bus test systems are 300, 900 and
1200 kVAr at busses 14, 19 and 30, respectively, while the
optimal allocation of the DGs are 600, 500 and 1200 kW at
busses 25, 27 and 33, respectively, as shown in Fig. 2. The
total power losses is reduced from 202.66 kW, for initial sys-
tem, to 41.9452kW after optimal placement of the CBs and
DGs with a percentage reduction of 79.3 %. The minimum
recorded voltage is increased from 0.9105 p.u at base case to
0.963 p.u after optimal allocation of the CBs and DGs.

In this case, the rated power and location of the CBs and
DGs are optimally determined based on the proposed ITSA
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FIGURE 2. Optimal locations and sizes of CBs and DGs on the IEEE 33-bus test system.

considering the peak load demand with losses minimization
objective function. While the maximum limits of the rated
power of the CBs and DGs are considered 3 MVAR and
3MW, respectively. The proposed ITSA gets the optimal
CBs locations and sizes simultaneously with optimal DGs
allocations as mentioned earlier. However adding more DGs
and CBs may be known to boost the system performance,
its higher penetration may cause negative effects [52]. The
obtained results based on the proposed ITSA illustrate this
issue as the selected CBs andDGs sizes are optimally selected
at far less than the maximum permissible limits.

2) 69-BUS TEST SYSTEM
Fig. 3 shows the optimal ratting and locations of the CBs
and DGs on the 69-bus test system using the proposed ITSA.
The obtained optimal allocation of the CBs, in this case are
3000, 900 and 1500 kVAr and are connected at buses 36,
45 and 60, respectively. The optimal DGs are 500, 1200 and
600 kW at busses 13, 60 and 63, respectively. After optimal
allocation of CBs and DGs, the total power loss is reduced
from 224.9 kW to 28.087 kW with a percentage reduction
87.51 %. The minimum voltage is increased from 0.9092 to
0.9848 p.u.

B. OPTIMAL DNR WITH OPTIMAL CONTROL OF THE CBs
AND DGs AT CONTINUES LOAD VARIATIONS. (CASE 2)
In this case, the optimal DNR is introduced simultaneously
with optimal control of the switched CBs and controlling
the dispatchable DGs using the conventional TSA and the

proposed ITSA with continuous load variations. The optimal
operation of distribution systems with continuous load vari-
ations represents the worst case for the distribution control
center because all control variables of tie lines status, output
of CBs and DGs have to be optimized while maintaining
all system constraints. Fig. 4 shows the solution procedure
for simultaneous DNR with the CBs and DGs allocations.
As shown, the proposed ITSA generates the control variables
which can be divided into two parts. The first part represents
the open tie branches while the second part gives the outputs
of DGs and CBs as in (2). After that, the first part of the open
tie branches is educed and the matrix of branch-bus incidence
is composed to evaluate the determinant of A as given in (14).
The radial topology is checked, where the network is radial
if the determinant of A is equal to 1 or −1. Else, the network
is not radial or islanded. Then the load flow is carried out for
the radial condition and the fitness function (1) is evaluated.
If the system is not radial, the fitness function is set at infinity.

Fig. 5 shows the assumed daily load profile considered in
this case. At each hour, the proposed technique is applied to
optimally reconfigure the distribution system and specify the
optimal outputs of the CBs and DGs.

1) 33-BUS TEST SYSTEM
The proposed ITSA and conventional TSA are applied for
optimal DNR of the 33-bus test system with optimal switch-
ing of the CBs and optimal dispatching of the DGs. Each
technique is applied for 10 runs, at each hour, and recording
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FIGURE 3. Optimal locations and sizes of CBs and DGs on the IEEE 69-bus test system.

FIGURE 4. Solution procedure of DNR with CBs and DGs allocations.

the best, average and worst solution. Fig. 6 shows the best,
average and worst objective function at every hour for opti-
mal reconfiguration control of the 33-bus test system using

FIGURE 5. Percentage daily loading [53].

the TSA and ITSA. It is clear from this figure that the
modification applied to the conventional TSA enhances the
controllability and exploration of the ITSA for achieving
optimal solution. This clearly appeared in Fig. 7, which shows
the standard deviation of the TSA and ITSA every hour
for optimal reconfiguration and control of the 33-bus test
system. Table 1 shows the robustness indices of the proposed
ITSA as compared with conventional TSA via the average
objective, standard deviation and standard error. As shown,
the proposed ITSA finds successfully lower average fitness
for each loading hour. Also, their acquired standard deviation
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FIGURE 6. Objective function at each hour for optimal reconfiguration
and control of the 33-bus test system using the TSA and ITSA.

and error are greatly smaller than the related value of the con-
ventional TSA for each loading hour. The average index of the
standard deviation using the proposed ITSA is 2.03 compared
to 9.33 for the TSA. Similarly, the average index of the
standard error using the proposed ITSA is 0.727 compared
to 2.95 for the TSA.

Optimal switching of the connected CBs during daily hours
is shown in Fig. 8 using the proposed ITSA, where the capac-
itor is stepped by 300 kVAr/step. Fig. 9 shows the hourly
optimal dispatching of the connected DGs. Table 2 shows the
hourly optimal tie switching for optimal reconfiguration of
the 33-bus test system. Also, in this table the total power loss
at each hour is given, as well as different voltage indices. The
results obtained in Table 2 are with optimal control of the
CBs and DGs given in Figs. 8 and 9, respectively. The daily
power losses, in this case, is found to be 324.277 kW/day
using the ITSA and 331.811 kW/day using the TSA, while the
system losses with the same loading conditions and without
CBs, DGs and DNR is 985.915 kW/day. This means that,

FIGURE 7. Standard deviation of the TSA and ITSA at each hour for
optimal reconfiguration and control of the 33-bus test system.

TABLE 1. Statistical analysis of the TSA and ITSA for optimal DNR with
optimal control of the CBs and DGs on the 33-bus test system.

the power losses can be reduced to be 32.89% of the initial
system losses applying the proposed ITSA and 33.65% using
the conventional TSA. Also, it is noted that the power losses
for all loading hours are greatly reduced. The maximum
reduction percentage of 88.247 % is achieved at hour 5 while
the minimum reduction percentage of 54.8803 % is achieved
at hour 17.

The voltages at system buses change between theminimum
and the maximum recorded voltages of 0.9830 p.u at hour
8 and 1.0077 p.u at hour 24, respectively, which indicates the
extent improvement of system voltage performance as shown
in Fig. 10. What confirms this is that, the average value of
the voltage stability index (VSI) at each bus is about 0.8504,
which comes close to optimum VSI values. Fig. 11 shows
the voltage profile at peak load (hr = 12) of the 33-bus
test system after optimal setting and control of DNR, CBs,
DGs using the ITSA. This figure declares the increasing
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FIGURE 8. Optimal switching at each hour of the connected CBs to the
33-bus test system using the ITSA.

FIGURE 9. Optimal dispatching at each hour of the connected DGs to the
33-bus test system using the ITSA.

of minimum voltages at peak loading condition where the
minimum voltage of 0.96 at bus 18 is increased to 1 p.u.

The convergence characteristic, shown in Fig. 12, indi-
cates the effectiveness of the introduced ITSA for achiev-
ing optimal solutions as compare with conventional TSA.
Fig. 13 shows a comparison between the conventional TSA
and ITSA for each successive four hours for 33-bus system.
As shown, however TSA is usually converged to an optimal
solution faster than ITSA but the proposed ITSA always

FIGURE 10. Minimum and maximum voltage at each hour of the 33-bus
test system after optimal setting and control of DNR, CBs, DGs using the
ITSA.

achieve a better solution. The TSA convergence rates in these
figures demonstrate its stuck behavior for approximately
50 iterations. On the other side, these figures illustrate the
ITSA capability of development and improving the solution
quality through the iterations while premature convergence of
the TSA is declared.

FIGURE 11. Voltage profile at peak load of the 33-bus test system after
optimal setting and control of DNR, CBs, DGs using the ITSA.

2) 69-BUS TEST SYSTEM
Similarly, the proposed ITSA and conventional TSA are
applied for optimal DNR of the 69-bus test system simulta-
neously with optimal control of the CBs and DGs for losses
minimization. Also, each technique is applied hourly for
10 runs, and the best, the average and the worst solution at
each hour are recorded. Fig. 14 shows the calculated standard
deviation of the TSA and ITSA at each loading hour for
optimal reconfiguration and control of the 69-bus test system.
The results clearly confirm the consistency and stability of
the proposed ITSA for achieving the objective function. Fig.
15 shows the convergence characteristic of the ITSA and TSA
for the optimal setting and control of DNR, CBs and DGs on
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TABLE 2. Optimal operation and control of the 33-bus test system with continuous load variations using the proposed ITSA.

FIGURE 12. Convergence characteristics of conventional TSA and ITSA for
optimal setting and control of DNR, CBs, DGs on the 33-bus test system at
peak load demand.

the 69-bus test system at peak load demand. Table 3 shows
the robustness indices of the proposed ITSA as compared
with TSA via the average objective, standard deviation and
standard error. The proposed ITSA always find successfully
lower average fitness, standard deviation, and error for each
loading hour. The average index of the standard deviation
using the proposed ITSA is 1.21 while the corresponding
index is 6.205 for the TSA. Similarly, the average index of
the standard error using the proposed ITSA is 0.383 while
the corresponding index is 1.96 for the TSA. These results
show that the proposed ITSA is more robust than the TSA.

Optimal switching of the connected CBs during daily hours
is shown in Fig. 16 using the proposed ITSA. Fig. 17 shows
the hourly optimal dispatching of the connected DGs.

FIGURE 13. Convergence Comparisons between TSA and ITSA for each
successive four hours of the 33-bus system.

Table 4 shows the hourly optimal tie switching for optimal
reconfiguration of the 69-bus test system at each hour. Also,
in this table the system power loses at each hour are given,
as well as voltage deviations compared to 1 p.u, overall volt-
age stability index, minimum and maximum hourly recorded
voltage. Voltage profile at peak load of the 69-bus test system
after optimal setting and control of DNR, CBs and DGs
using the ITSA is introduced in Fig. 18. From the obtained
results, it is found that, the power losses for all loading levels
are greatly reduced applying the proposed technique. The
maximum reduction percentage of 92.5088 % is achieved at
hour 5 while the minimum reduction percentage of 50.2683
% is achieved at hour 11. The proposed technique can reduces
daily power losses from 843.056 kW/day with CBs and DGs
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FIGURE 14. Standard deviation of the TSA and ITSA at each hour for
optimal reconfiguration and control of the 69-bus test system.

FIGURE 15. Convergence characteristics of conventional TSA and ITSA for
optimal setting and control of DNR, CBs, DGs on the 69-bus test system at
peak load demand.

allocations shown in Fig. 3 (without automated control of
their outputs and without DNR control) to 239.113 kW/day
using TSA and 236.722 kW/day using ITSA. The obtained
results by the proposed technique improve the system volt-
age performance for all the loading hours where the min-
imum voltage of 0.9889 p.u at bus 27 is acquired at hour
11 while their maximum of 1.003 p.u at bus 60 is acquired
at hour 17. The voltage at all system buses change between
these recorded minimum and maximum values. As shown,
in Fig. 18, the minimum voltage of 0.985 at bus 27 is
increased to 1 p.u while the maximum voltage of 1.01 at bus
45 is decreased to approximately 1 p.u. this figure declares
the great capability of the proposed automation process in
improving not only the lower voltages but also the higher
values towards the most preferable level to the consumers
of 1 p.u. What confirms this is that, the average value of
the voltage stability index (VSI) at each bus is about 0.9193,
which comes close to optimum VSI values.

C. OPTIMAL DNR WITH OPTIMAL CONTROL OF THE CBs
AND DGs AT DISCRETE LOAD REPRESENTATION (CASE 3)
Although there is no standard number of switching of the
CBs or tie switches, increasing the number of daily switch-

TABLE 3. Statistical analysis of the TSA and ITSA for optimal DNR with
optimal control of the CBs and DGs on the 69-bus test system.

ing of the CBs or the tie switches reduces their lifetime
and increases the maintenance costs. Therefore, in this case,
dividing the daily load profile to minimum number of load
levels is adopted [54]. Fig. 19 shows the applied four load
levels to the load curve that is considered in previous case.
The application of discrete load levels reduces the switching
number of the automated devices while in return the daily
power losses may be deviated to increased values. Therefore,
the need for optimal operation and control of DNR with CBs
and DGs based on discrete load representation is increased.
This case introduces the application of the proposed ITSA for
minimum losses achievement with discrete load levels.

In this case, the proposed technique for fully automated
distribution system is evaluated using statistical analysis com-
pared with the standard TSA. Also, the quality verification
of introduced automation process is evaluated in terms of
different numerical indices compared to the non-automated
system. Equations (24-28) formulate the suggested indices to
be deemed for this case study.

%PLI =
PL
PD
∗ 100 (24)

%VminI =
min (Vi)

Vflat
∗ 100, i = 1, 2, . . . .Nb (25)

%VmaxI =
max (Vi)

Vflat
∗ 100, i = 1, 2, . . . .Nb (26)

%VDDI = {
Nb∑
i=1

|(1− Vi)|} ∗ 100 (27)

%VSI =
Nb∑
i=1

min (VSIi)
Vflat

∗ 100, i = 1, 2, . . . .Nb (28)
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TABLE 4. Optimal operation and control of the 69-bus test system with continuous load variations using the proposed ITSA.

%BLI =
max

(
Sj
)

Sj-thermal
∗ 100, j = 1, 2, . . . .Nbr (29)

where; %PLI is the percentage power losses index; PL and
PD are the total system power losses and demand, respec-
tively; %VminI and %VmaxI are the minimum and maximum
voltage index in percentage, respectively; Vflat is the refer-
ence voltage that is 1 p.u.; %VDDI is the percentage voltage
drop index; Vi is the voltage of each bus i; %VSI and VSIi
are the percentage voltage stability index and voltage stability
index at each bus i, respectively; %BLI is the percentage
branch loading index; Sj and Sj−thermal are the power flow
through branch j and the branch thermal power limit, respec-
tively.

The first index (24) is used to expresses the reduction in the
power losseswith automation process. The target of this index
is to be minimized which indicates more technical benefits.
The minimum and maximum voltage indices in (25 and 26)
aims to flat the system voltage at all buses around the flat
optimum value that is 1 p.u. Subsequently, the target of the
%VminI is to be maximumwhile the target of %VmaxI is to be
minimum. %VDDI (27) represents the summation of voltage
deviation of all system buses while the percentage voltage
stability index (28) represents the stability of the system buses
and avoidance of voltage collapse. The branch loading index
(29) shows the loading percentage of the system branches
and how much the automation process can relieve the system
loading.

In this section, firstly optimal tie lines switching is iden-
tified simultaneously with switched CBs control and DGs
dispatching. Secondly, a comparison between standard TSA
and the proposed ITSA in term of statistical analysis is intro-

duced. Finally, the automated distribution system with fully
control of switched CBs and dispatching the DGs as well as
tie lines optimization is compared, in this case, with non-
automated distribution systems (Case 1).

TABLE 5. Statistical analysis of the TSA and ITSA at different load levels
of the 33-bus test system.

TABLE 6. Optimal tie switching of the 33-bus test system with discrete
load representation using the proposed ITSA.

1) 33-BUS TEST SYSTEM
The proposed ITSA and conventional TSA are applied for
optimal control of the DNR, CBs and DGs on the 33-bus test
system for total losses minimization considering the discrete
load representation. Each technique is applied for a 10 run,
at each load level. The best, the average, the worst solution
and the standard deviation are given in Table 5. Table 6 shows
the optimal tie switching at each load level applying the ITSA.
Figs. 20 and 21 show the optimal control of the CBs and
DGs, respectively. Fig. 22 shows a comparison between the
convergence characteristic of the conventional TSA and the
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FIGURE 16. Optimal switching at each hour of the connected CBs to the
69-bus test system using the ITSA.

FIGURE 17. Optimal dispatching at each hour of the connected DGs to
the 69-bus test system using the ITSA.

introduced ITSA at each load level. From the obtained results,
it is found that proposed technique can effectively achieve the
optimal solution at all load levels as compared to the TSA.
Also, convergence characteristic shown in Fig. 22 illustrates
the capability of the ITSA for improving the solution quality

through the iterations while premature convergence of the
TSA is declared.

As mentioned above, a comparison between automated
distribution systems using the proposed ITSA and the non-
automated system (Case 1) is introduced. Table 7 gives com-
parative results in terms of the total system losses, minimum
andmaximum voltage and different quality indices illustrated
previously (24-29).

From the obtained results, it is found that the proposed
technique successfully reduces the system daily power losses
from 973.019 kW/day to 324.021 kW/day, which seems iden-
tical to the power losses obtained with hourly operation of the
DNR, CBs and DGs (Case 2). This indicates the validity of
relying on dividing the system daily load to certain load lev-
els in reducing the switching number of automated devices.
However, at the same time, this requires an effective and
robust technique to achieve the main objectives functions and
maintain all system constraints within the allowable burden.

Also, it is clear that the proposed control of the tie lines,
CBs and DGs can achieve the target of all indices. The loss
percentage index is minimized to 0.1783, 0.2889, 0.4936,
and 0.3906 % at load levels (1:4), respectively with auto-
mated system versus 1.2483, 0.9885, 1.0935, and 0.9825%
without automation, at the same load levels. As well, the
%VminI is maximized to be just below 100% at all load
levels. Similarly, the %VmaxI is slightly above 100% at load
level-2 and typically aligned with 100% at the remaining load
levels.What confirms the above is the%VDDI, which greatly
reduced with the introduced optimal control and operation of
tie lines, CBs and DGs. The minimum value of the %VDDI
is 12.3868% at load level-2 while the opposite value without
automation is 27.9523%. This in turn leads to improvement in
the%VSI. Finally, the loading of the system branches is lower
than the half loading capacity as the related %BLI does not
exceed 35% at any load level with and without automation.

2) 69-BUS TEST SYSTEM
Similarly, the proposed ITSA is applied and tested on the
69-bus system for optimal control and operation of DNR,
CBs and DGs at different load levels. Table 8 shows the
statistical analysis of the TSA and ITSA which clearly shows
a significant decrease in the standard deviation of the ITSA
than the conventional TSA. Table 9 gives the optimal tie line
for optimal DNR at each load level. Figs. 23 and 24 give the
optimal setting of the control variables of the CBs and DGs,
respectively. Fig. 25 shows the convergence characteristic of
the ITSA and TSA for optimal setting and control of DNR,
CBs and DGs on the 69-bus test system at each load level.

Table 10 gives a comparison results in term of the total
system losses, minimum and maximum voltage and different
quality indices illustrated previously. It is clear, from this
table, that the proposed control of the tie lines, CBs and
DGs can achieve the target of all indices. The loss percentage
index isminimized to 0.1221, 0.1994, 0.3508, and 0.2795% at
load levels (1:4), respectively with automated system versus
1.3645, 0.8944, 0.7273, and 0.7349 % without automation,

129702 VOLUME 8, 2020



T. Fetouh, A. M. Elsayed: Optimal Control and Operation of Fully Automated Distribution Networks

TABLE 7. Comparison between the proposed automation processes and non-automated 33-bus test system.

FIGURE 18. Voltage profile at peak load of the 69-bus test system after optimal setting and control of DNR, CBs, DGs using the ITSA.

at the same load levels. As well, the %VminI is maximized to
be just below 100% at all load levels. Similarly, the %VmaxI
is slightly above 100%. The minimum and maximum per-
centage voltage index obtained with the introduced auto-
mated system overcome the non-automated. What confirms
the above is the %VDDI, which greatly reduced with the
introduced optimal control and operation of tie lines, CBs
and DGs. The minimum value of the %VDDI is 8.8732% at
load level-1 while the opposite value without automation is
48.8657%. This in turn leads to improvement in the %VSI.
Finally a great loading relieve is achieved with the proposed
automation where the maximum %BLI value is 36.5942% at
load level-3, while the opposite value is 86.3547% without
CBs, DGs and ties lines control and automation. It can be
said, from the obtained results, the system daily performance
in this case is enhanced much more than the similar case with
continuous load variation in addition to minimization of the
switching number.

D. COMPARATIVE STUDY OF THE PROPOSED ITSA AND
OTHER TECHNIQUES (CASE 4)
In this section, a comparison between the proposed ITSA and
the conventional TSA and other previous techniques is intro-
duced. This comparison is introduced for optimal CBs and
DGs locations and sizes only, without DNR, because there

TABLE 8. Statistical analysis of the TSA and ITSA at different load levels
of the 69-bus test system.

TABLE 9. Optimal tie switching of the 69-bus test system with discrete
load representation using the proposed ITSA.

are no previous available literatures in this area. To make
a faire comparison, the CBs and DGs output is assumed to
be integer, neglecting standard commercial values. The main
objective of this comparison is to check the effectiveness and
robustness of the proposed technique as well as to check
scalability and flexibility of the proposed ITSA on large-scale
distribution system.

Table 11 shows the comparison results between the pro-
posed ITSA and other techniques such as TSA, WCA [55]
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TABLE 10. Comparison between the proposed automation processes and non-automated 69-bus test system.

FIGURE 19. Daily loading with assumed load levels.

FIGURE 20. Optimal switching at each load level of the connected CBs to
the 33-bus test system using the ITSA.

and BFOA [56] for optimal allocation of CBs and DGs on the
33-bus test system. Table 12 introduces a comparative analy-
sis between the proposed ITSA and other techniques such as
PSO, slime mould algorithm (SMA) [57], conventional TSA,
crow search algorithm [58], GA [43], and evolutionary algo-
rithm (EA) [59] for optimal allocation of CBs and DGs on the
69-bus test system. This comparison verifies the efficiency of
the proposed ITSA for optimal solution achievement where
the lowest value of power losses is obtained applying the pro-
posed technique. The power losses after optimal allocation of
the CBs and DGs using the proposed ITSA is greatly reduced
to reach a percentage reduction of 92.89% and 96.976% for
the 33-bus and 69-bus systems, respectively. Also, the con-
vergence comparison between the proposed ITSA and other

FIGURE 21. Optimal dispatching at each load level of the connected DGs
to the 33-bus test system using the ITSA.

FIGURE 22. Convergence characteristics of conventional TSA and ITSA for
optimal setting and control of DNR, CBs, DGs on the 33-bus test system at
each load level.

techniques, shown in Fig. 26, clarify the effectiveness of the
improved diversification abilities of the ITSA for searching
optimal solution and avoiding the stagnation possibilities.
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FIGURE 23. Optimal switching at each load level of the connected CBs to
the 69-bus test system using the ITSA.

FIGURE 24. Optimal dispatching at each load level of the connected DGs
to the 69-bus test system using the ITSA.

FIGURE 25. Convergence characteristics of conventional TSA and ITSA for
optimal setting and control of DNR, CBs, DGs on the 69-bus test system at
each load level.

One of the major challenges facing the new optimization
techniques is the capability of application on large-scale sys-
tems. Therefore, a comparison between the proposed ITSA
and TSA is introduced for optimal allocation of the CBs and

DGs in a large-scale 119-bus test system. Table 13 gives a
comparison between the TSA and the proposed ITSA. For
large-scale systems, the advantages of the proposed ITSA
over conventional TSA is greatly appeared where the losses
is reduced by a percentage of 81.52% using the ITSA. Also,
convergence characteristic shown in Fig. 27 greatly shows
the advantages of the introduced modification to the TSA.
Although, TSA is converged to an optimal solution faster
than ITSA but the proposed ITSA gets a better solution.
This confirms the capability of the ITSA of development and
improving the solution quality through the iterations while
premature convergence of the TSA is declared.

TABLE 11. Comparison results of optimal allocation of CBs and DGs on
the 33-bus test system.

TABLE 12. Comparison results of optimal allocation of CBs and DGs on
the 69-bus test system.

FIGURE 26. Convergence comparison between the ITSA and other
techniques for optimal CBs and DGs allocation on the 69-bus system.

Added to that, the computation time and complexity of
the problem is discussed for the TSA and ITSA technique as
shown in Table 14. In this table, the computational complex-
ity is evaluated based on the big O notation [60]. From this
table, a comparable computational time is acquired for both
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algorithms for the 33-bus test system and the 69-bus test sys-
tem with slight lower time for the proposed ITSA. However,
the proposed ITSA is much faster for the large-scale 119-bus
test system with 139.14 sec compared to 149.631 sec for the
conventional TSA. For fair comparison, both algorithms have
the same computational complexity where it is O(2000n),
O(2000n), O(250000n) for 33-bus test system, 69-bus test
system and 119-bus test system, respectively.

FIGURE 27. Convergence comparison between the ITSA and other
techniques for optimal CBs and DGs allocation on the 119-bus system.

TABLE 13. Comparison results of optimal allocation of CBs and DGs on
the 119-bus test system.

TABLE 14. Comparison results of computation time and complexity.

V. CONCLUSION
This paper presents an effective and robust solution tech-
nique for simultaneous distribution network reconfiguration
with capacitor banks and distributed generators allocation
and control, which is very important to distribution system
operators for enhancing the performance, quality and reli-
ability of distribution systems. The complexity and variety
of the control variables of this problem represent a chal-
lenge for distribution systems planners and operators as well
as researchers and make it difficult for most of the previ-
ous techniques to achieve the optimal solution. A Modified

version of newly proposed meta-heuristic Tunicate Swarm
Algorithm (ITSA), which imitates the swarming behaviors
of the marine tunicates and their jet propulsions during its
navigation and foraging procedure, is proposed. The ITSA
is applied and tested on the standard 33-bus, 69-bus and
large-scale 119-bus distribution systems considering different
scenarios of daily loading variation and operation strategies.
Also, comparisons between the proposed ITSA and other
techniques such as PSO, GA, EA, WCA, BFOA, TSA and
CSA are introduced. For all cases and scenarios, the results
affirm the qualification of the proposed ITSA in term of
power losses minimization, voltage enhancement, conver-
gence characteristics and standard deviation. The value of
power losses in some cases of the test systems is reduced by
a percentage of 96.97%, which can save millions of dollars
per year. Also, the proposed ITSA overcome other techniques
in term of lower computation time, better statistical analysis,
optimal solution achievement and avoiding stuck problem.
Based on the proposed technique, distribution automation
center can optimally controls and operates the distribution
system automated devices and consequently provides quan-
titative and qualitative power service to satisfy consumers’
satisfaction and reduces dissipated energy. Fully automated
distribution systems with simultaneous control and operation
of CBs, DGs and DNR under contingencies will be the focus
of author’s future research.
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