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Abstract: This article proposes a new approach based on a bio-inspired Cuckoo Search Algorithm
(CSA) that can significantly envisage with several issues for optimal allocation of distribution
static compensator (DSTATCOM) in Radial Distribution System (RDS). In the proposed method,
optimal locations of the DSTATCOM are calculated by using the Loss Sensitivity Factor (LSF).
The optimal size of the DSTATCOM is simulated by using the newly developed CSA. In the proposed
method, load flow calculations are performed by using a fast and efficient backward/forward
sweep algorithm. Here, the mathematically formed objective function of the proposed method is to
reduce the total system power losses. Standard 33-bus and 69-bus systems have been used to show
the effectiveness of the proposed CSA-based optimization method in the RDS with different load
models. The simulated results confirm that the optimal allocation of DSTATCOM plays a significant
role in power loss minimization and enhanced voltage profile. The placement of DSTATCOM in RDS
also plan an important role for minimizing uncertainties in the distribution level. The proposed
method encourages one to use renewable-based resources, which results in affordable and clean energy.

Keywords: cuckoo search algorithm; DSTATCOM; power loss minimization; radial distribution
system; system power losses

1. Introduction

The voltage levels of distribution networks reduce as the buses moved away from the substation,
and the power losses will be high in case of distribution networks. So far, the literature survey shows
that nearly 10-13% of the whole generated power is wasted as I°R losses in Radial Distribution Systems

Energies 2020, 13, 4615; doi:10.3390/en13184615 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-8892-9417
https://orcid.org/0000-0003-3541-9218
https://orcid.org/0000-0001-5626-4898
https://orcid.org/0000-0002-7744-6102
https://orcid.org/0000-0002-3396-4194
https://orcid.org/0000-0002-8678-3258
http://dx.doi.org/10.3390/en13184615
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/18/4615?type=check_update&version=2

Energies 2020, 13, 4615 2 of 20

(RDS) [1]. Losses in distribution systems can be reduced by placing proper compensating devices.
In this sense, capacitors play a vital role in reducing power losses in distribution systems. Capacitors
are also utilized to enhance the voltage levels across buses; however, it is very difficult to provide
variable reactive power. Hence, the distributors need to take care of these capacitor costs, as well as to
place them at optimal locations with optimal sizes. Another issue of the capacitor placement is that
the balancing of the load is not granted because of the capacitor operating problems like resonance.
Furthermore, the major complication accomplice with the utilization of capacitors in distribution
systems is the oscillation in nature of capacitors devices when placed along with inductive components
with similar circuits [2]. To resolve these drawbacks, custom power devices (CPD) are utilized in
distribution systems to reduce power losses and to enhance bus voltages. The most widely used
CPDs are Distribution Static Compensator (DSTATCOM), Static Synchronous Series Compensator
(85SC), Unified Power Quality Conditioner (UPQC), and Dynamic Voltage Restorer (DVR). Among
these devices, DSTATCOM is the most appropriate device, as it delivers effective reactive power
and avoids unbalance loading in RDS. In addition, it exhibits superior features like no resonance
or transient harmonics problems, low harmonic content production, and small size [3,4]. Custom
DSTATCOM devices incorporate voltage source converters. It is also used as a shunt device, capacitor
link, and coupling transformer. It compensates the bus voltages in RDS, and is used to control power
factor, real, and reactive power. DSTATCOM has the ability of providing fast and continuous inductive
and capacitive mode compensation [5]. DSTATCOM is the best device to remove harmonic distortion
from the system and to avoid unbalances [6]. Optimum placement of DSTATCOMs improves the
annual cost saving, reduces power losses, improves load ability, enhances stability, compensates
the reactive power, and improves the quality of the power [7]. Therefore, determining the optimal
allocation of DSTATCOMs has an important impact in RDS.

Literature Survey

Only a few researchers have been concentrated to work in the area of DSTATCOM allocation.
For allocation of DSTATCOM, various methodologies have been implemented so far, like (i) modal
analysis, (ii) analytical methods, and (iii) optimization algorithms. Initially, the time domain simulation
and modal analysis methods have been used for the DSTATCOM allocation problem in the distribution
network for power quality improvement [8]. On the other hand, analytical methods are used to
resolve the DSTATCOM placement problems for loss reduction and bus voltage improvement in
RDS [9]. Furthermore, the stability index (SI) and power loss index (PLI) [10,11] are considered to
solve DSTATCOM allocation problems in RDS. To determine the optimal allocation of DSTATCOMs,
many researchers worked on various algorithms, like particle swarm optimization (PSO) [12], differential
evolution algorithm (DEA) [3], immune algorithm (IA) [4], bat algorithm (BA) [13], and bacterial
foraging optimization algorithm (BFOA) [14] to decrease losses and improve the voltage profile
in RDS. In [3], the authors solved the problem of DSTATCOM placement with the consideration of
reconfiguration in the distribution network and using the differential evolution optimization algorithm.
A nature-inspired immune algorithm has been utilized for the optimal allocation of the DSTATCOM
problem with a newly framed objective function of power and energy losses reduction in [4]. A popular
stochastic-based PSO is implemented for the simultaneous allocation of DG and DSTATCOM problem
in RDS for power loss reduction and voltage profile enhancement [12]. An echolocation-based bat
algorithm is taken into account to determine the candidate location and sizing of DSTATCOM for the
power loss reduction of the system [13]. Further in [14], the authors used BFOA to solve the DG and
DSTATCOM allocation problem with multi objective function in RDS.

As per the information mentioned in the existing literatures [8-14] have solved the DSTATCOM
placement problem in radial distribution systems, and they got some encouraging results, even though
there are shortcomings in different respects, such as:

e  Complex calculation in case of analytical method.
e Slower convergence of the optimization procedure.
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e  Only single DSTATCOM placed.
e Constant load alone considered.

In addition, the utilization of cuckoo search algorithms (CSAs) has not been previously considered
in the literature for the problem of DSTATCOM allocation in RDS. This inspires the authors to solve
the optimal DSTATCOM problem in RDS to decrease power losses with the utilization of CSA.

The contributions of this work are listed as follows,

e A new optimization procedure is implemented to find the optimal location and sizing of single
and multiple DSTATCOMs for the reduction of power losses in RDS.

o The proposed method is tested on three different load models to check the robustness of
the test system.

e Integrated loss sensitivity and optimization technique are considered to find near global optimal
location and size of the DSTATCOM:s.

o The feasibility and efficiency of the present approach is tested on standard IEEE 33 and
69 bus systems.

The remainder of the work is classified into various sections. Section 2 presents the formulation of
the DSTATCOM allocation problem with different load models. Section 3 explains the implementation
of the cuckoo search algorithm for optimal allocation of DSTATCOMs. Section 4 presents the simulation
results and discussion. Finally, the conclusion is drawn in Section 5.

2. Load Modelling and Problem Formulation

In the proposed approach, different load models have been considered to benefit the entire system.

2.1. Formulation of Load Models

From a practical viewpoint, the present approach is attuned to combine real-time voltage dependent
load models. To measure the effect of several load models on DSTATCOM sizing, static load models
are used to represent different types of consumers. Generally, the load of the distribution networks
can be divided into three categories, namely, industrial, residential, and commercial loads. Based on
the load types, the real and reactive power values are varied, which affects the voltage and frequency
of the system. In this work, the voltage dependent load models, for example industrial, residential,
and commercial loads, have been considered. The mathematical expression for the voltage dependent
load model is represented as:

P =PyV* (1a)

Q=Q,Vh (1b)

Parameters o and 3 values for different load models are shown in Table 1 [15].

Table 1. Load types and exponent values.

Load Type o B

Commercial load 1.51 3.4
Residential load 0.92 4.04
Industrial load 0.18 6

Constant 0 0

2.2. Load Flow Analysis

The transmission system has lower resistance-reactance ration when compared with the
distribution side power transmission. Hence, the following existing load flow analysis cannot guarantee
the best solutions for line flow and voltage across buses in RDS:



Energies 2020, 13, 4615 4 0of 20

e  Fast decoupled load flow.
o  Gauss-Seidal load flow.
e  Newton Raphson load flow.

The efficient power flow analysis named the backward/forward sweep (BFS) algorithm has been
used to find power losses and voltage levels across buses [16]. This method has unique features such
as fast computation, requires less memory, and is very simple to use with accurate results, as well as
robust convergence [17,18].

Let us consider only two buses interconnected through a branch in an RDS as depicted in Figure 1.
Py g and Q. ; are the real and imaginary power flows between buses k and k + 1, respectively,
and can be simulated as:

Pikr1 = Prrteff + Pross(ick+1) @)
Qi k1 = Qustert + Qross(kk+1) @)
Bus k Bus k+1
VLo . Vi1 40+
Prscr1tj Qupert -
> Rigier1tj Xkt
e
P
Pre1,eftj Quert efr

Figure 1. Single line diagram of distribution system.

The current flow through buses k and k + 1 can be written as:

Py —1Q
kk+1 kk+1
I =l 4
kk-+1 ( Vers 7= o ) (4)
Additionally:
Vi Log— VkJrlZ(Xk_H
L1 = - ®)
R k+1 + Xk k+1
From Equations (4) and (5), it can be found that:
Vi = ViiViga £ (o — o) = (Ppir1 —1Qui 1) Rick+1 +iXik+1) (6)
After separating the real and imaginary parts in Equation (6), we obtain:
ViV *cos(oger1 — o) = Vi — (Pp g1 Riok+1 + Q1 Xiok+1) )
ViV #sin(ouer1 — o) = Q1 Rick1 = Py 1 Xkk+1 ®)
After squaring and adding (6) and (7), then (8) is obtained as follows:
P2 . +QF
kk+1 kk+1
Vit = Vi = 2Py 1 Rigkrt + Qi1 Xk 1) + (R oy + Xi,k+1)[T ©)
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The real and reactive power losses can be determined mathematically as follows:

PLoss(k,k+l) = Ii,k+1 * Ry k1 (10)
2 2
Pl T Qksn
Plosskk+1) = [ =5 [*Rik+1 (11)
(Vk+1|
QLoss(kk+1) = Ii,k+] * Xik+1 (12)
2 2
Pl T Qikst
Qross(kk+1) = | =3 |* Xik+1 (13)
|Vk+1|

The real and reactive power losses of each section can be found using Equations (11) and (13),
respectively. These equations are used to find the total power loss of the radial distribution system.

By adding all line section losses, we can calculate the total real and reactive power losses of the
distribution networks, which is shown below:

nb

Pt = Z PLoss (k,k+1) (14)
k=1
nb

QL = Z QLoss (kk+1) (15)
k=1

2.3. Objective Function
The objective of the proposed DSTATCOM placement problem is to reduce the total active power
losses in the RDS, which is formulated by the following equation:
Min(F) = Min (P, ) (16)

The objective function (16) is formulated to minimize the total power loss of the radial distribution
systems. The objective function must satisfy the following inequality and equality constraints.

2.3.1. Voltage Constraint

The optimization procedure shall not exceed these voltage constraints. If the optimized value
does not obey these constraints, then the result obtained is not valid. The optimization procedure
will be carried out until these voltage levels are within these bounds. The voltage magnitude can be
expressed as:

Vi < Vi < Vi (17)

2.3.2. Active Power Balance Constraints

The system power generation is equal to the addition of total power losses and power demand,
which can be expressed by the following equation:

P+ Z Pk = Z PDSTATCOM(k) (18)

According to Equation (18), unfeasible solutions that violate the operating constraints will not be
further considered.



Energies 2020, 13, 4615 6 of 20

2.3.3. Reactive Power Balance Constraints
The injected reactive power at each candidate node should be within their minimum and maximum
allowable limits:

glér%ATCOM(k) < QDSTATCOM(k) < Qgg;ATCOM(k) k=12........ nb (19)

The minimum and maximum allowable limits for reactive power are imposed using Equation (19).

2.4. Loss Sensitivity Factor (LSF)

Optimal locations for DSTATCOM installation can be determined by using the loss sensitivity
factor [19-21]. This process allows decreasing the search space and time consumption for the
optimization work. The LSF at each bus can be calculated by differentiating the Equation (12)
with respect to reactive power:

aPLoss(k k+1)
LSE(k,k + 1) = ’ =
( ) Q4 1eff)

(20)

2Qk+1,eff *Rick+1 ]
2
|Vk,k+1 |

The sensitivity factor can be calculated using Equation (20) for all buses. The obtained values are
then sorted in descending order. The bus with the highest loss sensitivity factor can be identified as the
weakest bus. This bus can be compensated by placing DSTATCOM with optimal size. The optimal size
of this DSTATCOM will be calculated by running the CSA described in the following section.

3. Cuckoo Search Algorithm

Yang and Deb [22,23] have recently introduced an effective nature inspired optimization algorithm
named the cuckoo search algorithm. Unlike other optimization algorithms, the CSA has two search
spaces through Levy flights and random fly. In the Levy flight, each individual produced is often very
different from the previous solution due to the random distribution of Levy flight. These two processes
for exploration and exploitation of the cuckoo search algorithm are very effective for finding near
global optimal solutions [24].

To represent the CSA in a simple way, the following three idealized rules are considered:

Rule 1#: One egg will be laid at a time by every cuckoo, which dumps its egg in a randomly chosen nest.

Rule 2#: The best nests, which have a high quality of eggs (solutions), will be carried over to the
forthcoming generation.

Rule 3#: The number of available host nests is fixed, and the egg laid by a cuckoo can be discovered by
the host bird with a probability p € [0, 1]. In this case, the host bird can either throw the egg
away or abandon the nest, so to build a completely new nest in a new location.

The fitness or aspect of the solution is proportional to the objective function in the case of
a maximization problem. The problem can be broken down to simpler steps. For example, let us
consider that each egg in a nest represents a solution, and a cuckoo egg represents a new solution,
the objective is to replace the not-so-good solution in the nests with new and potentially better solutions
(i-e., cuckoos). Hence, the authors in this work employ a simpler method for the proposed optimization
process where each nest has only a single egg. The CSA can also be continued to a more convoluted
problem where each nest has multiple eggs representing a set of solutions.
The initial solutions af“ for cuckoo i can be generated when a L'evy flight is performed:
atl =al + 5@ Lrevy(A) 1)
The scales of problems of interest should be related to the step size which is represented as 6 > 0.
5 = 1is used in most cases. The stochastic equation for random walk is represented in Equation (21).
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In most obvious cases, a random walk is a Markov chain whose next status/location only depends on
the current location (a}‘) and the transition probability (& @ Lsevy(A)). The symbol indicates the entry
wise multiplications. As used in the PSO, the symbol (&) used is similar, but in this case, the random
walk via L'evy flight is more effective in exploring the search space, as its step length is much longer in
the long run.

The L'evy flights basically deliver a random walk, while their random steps are strained from
a L'evy distribution for large steps:

Lrevy xu = t ™, (1 <A<3) (22)

A randomly populated host nest is generated, and then the population of solutions is subject
to repeated cycles of the search process of cuckoo birds. The randomly chosen nest position to lay
the eggs can be determined by using Equation (22). It has an infinite variance and mean. In this case,
the power-law step length distribution with a heavy tail is obeyed by the consecutive jumps/steps of
a cuckoo that essentially form a random walk process. The fact is that in the real world, if a cuckoo’s
egg is very similar to a host egg, then this cuckoo’s egg is less likely to be discovered, and thus the
fitness should be related to the difference in solutions. A random walk in a biased way with random
step sizes is an excellent idea.

Steps for Implementation of Proposed Work by Using CSA

In this section, the step by step implementation of CSA for resolving the problem of optimal
allocation of DSTATCOM s in RDS is described.

Step 1: Parameters initialization.

In step 1, the algorithm parameters should be initialized, e.g., the size of the population (POP),
the maximum number of iterations (itermax), and dimensions. In addition to that, the problem
parameters, like the number of DSTATCOMs to be used, the DSTATCOM size limits, the limitation of
bus voltages, and the system line and bus data limits are given.

The parameters used in the CSA are:

e  Number of nests = 25.
e Discovery rate of alien eggs/solutions = 0.25.
e  Levy coefficient = 0.5.

Step 2: Generate DSTATCOM sizes and locations randomly:

1 1 1 1
a% a% ag_l ag
aj a 41 ay
DSTioc = : : : : : (23)
-1 -1 -1 -1
SR L L
pop pop pop-1 pop-1
a1 a2 e ad_l ad
1 1 1 1
b% b% ... b g-1 b g
by b, N i by
DSTsizg = : : : : : (24)
-1 -1 -1 -1
bPOPT pEPT L bR pEP
pop pop pop-—1 pop-1
b; b, o by b;
aJi = Amin,i (amax,i - amin,i) * rand() (25)

b]1 = bmin,i + (bmax,i - bmin,i) * rand() (26)
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where d is the dimension of search space, aji, is the optimal location of DSTATCOM to be generated by

algorithm, bji is the optimal size of DSTATCOM to be generated by algorithm.

These parameters can be generated randomly between an,y; and apynj, which are the ith
DSTATCOM location limits, while b,y ; and byin ; are the ith DSTATCOM size limits. Here, rand () is
a random number between zero and one.

Step 3: Evaluation of fitness function.

Evaluate its fitness (Fi) according to objective function.

Step 4: Initiate evolution procedure of CSA for proposed work.

The following equations can be used to find new locations and sizing of DSTATCOM:

new dstloc jq = DSTLOC ;4 + 8@ L’evy(A) (27)
new dstsize ;4 = DSTSIZE 4+ 6@ L’evy(M) (28)
new nest jq = [newdstloc ;gnew dstsize ;4] (29)

Step 5: Evaluation of fitness (F).

Again, the base case values for a given objective function can be determined by the load flow
method for every new nest.

Step 6: If (Fi < Fj), then replace the nest j with the cuckoo i.

Step 7: The fraction of worst nests among new nests are abandoned, and new ones are built using
L'evy flight in those nests.

Step 8: The load flow is run again to calculate the power losses and voltages of the system and
hence the corresponding objective function value for each new nest.

Step 9: If the maximum iteration is not reached, then go to step 6, otherwise it is the best nest
(optimal solution).

Step 10: The criterion is stopped.

Algorithm is terminated if the iteration counter reaches the maximum value. If not, Steps 4 to 9
are repeated as shown in Figure 2.
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No

Figure 2. Flow Chart of CSA.
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4. Simulation Results and Discussion

The simulation is programmed and implemented on the standard 33-bus and 69-bus RDS within
a MATLAB/ Simulink environment. The values of the parameters used for the calculation of total
annual cost savings (TACS) of DSTATCOM are taken from the References [25,26]. The values of the
parameters are common for both the test systems.

4.1. Test System 1: IEEE 33-Bus Test System

The first tested case is the medium-scale sample 33-bus test system, as illustrated in Figure 3.
The line data, as well as the bus data for this system are taken from [27]:

e 372 MW and 2.3 Mvar are the total active and reactive power demand for this test system.
e 12,66 kV is the base voltage of this test system.
e  201.98 kW is the uncompensated total real power loss with a minimum voltage of 0.9037 p.u.

—_— 22

—t20

1 2 31 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

— 23

— 1 n

—_— 25

Figure 3. Sample line diagram of standard 33-bus test system.

In the standard 33-bus test system, multiple DSTATCOMs have been optimally placed at the
14th, 24th and 30th buses with the help of the loss sensitivity factor (LSF). The maximum power
loss reduction and enhancement of the voltages between the buses are attained using the proposed
CSA. The active power loss, locations and sizes (kvar) of DSTATCOMs, TACS, minimum bus voltage
and VSI for the presented CSA and other methods are presented in Table 2. The results of BFOA,
PLI, SI and IA are directly quoted from the references. The total power loss reduced by placing
DSTATCOM is 138.45 kW, which is better when compared to the base case of 210.98 kW. To compare
the proposed method effectively, the DSTATCOM placement problem is solved 100 times repeatedly.
The best, worst and average solutions are compared and presented in Table 2. The existing method’s
best, worst and average solutions are not available for comparison. The power loss reduction by the
proposed method is 34.37%, which is far better than 31.56% by BFOA, 27.44% by PLI, 19.52% by SI and
15.24% by IA. It is found that, after compensating the total loss reduction, TCAS, voltage profile is
improved significantly.
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The minimum voltage and voltage stability index have been improved from 0.9037 p.u and
0.6610 p.u to 0.9304 p.u and 0.7432 p.u, respectively. The proposed CSA-based approach gives more
annual cost savings (USD 28,150), which is the maximum TACS compared with other methods.
The TACS using the proposed method gives encouraging results. From the above discussion, it can be
concluded that the CSA-based methodology shows better performance than other existing methods,
in terms of power loss reduction, voltage enhancement, and TACS.

Table 2. Results of 33-bus system (Constant Load).

Type Parameters Proposed Method BFOA [14] PLI [11] SI[10] 1A [28]
Before Poss (kW) 210.98 210.98 210.98 210.98 202.67
Compensation Vmin(p-1) 0.9037 0.9037 0.9037 0.9037 0.9131

VSIpin(p-u) 0.6610 0.6610 0.6610 0.6610 0.6890
350 (14)
Size in kvar (location) 520 (24) 1102.7 (30) 1300 (29) 1993 (30)  962.49 (12)
1010 (30)
Pjoss(kW)(100Runs)
After Best 138.45 144.38 153.07 169.795 171.79
Compensation Worst 158.24 - - - -
Average 147.24 - - - -
% Pjoss Reduction 34.37 31.56 27.44 19.52 15.24
Vmin(p-1) 0.9304 0.9240 0.9164 0.9230 0.9258
VSImin(p-u) 0.7432 0.7228 0.6994 0.7175 0.7266
TACS 28,150 28,105 23,543 11,073 11,126

The electrical load in the distribution system is non-linear in nature. Next, the distribution system
is analyzed by considering three different loads:

e Industrial load
e Residential load
e Commercial load

The base power loss of industrial, residential and commercial loads are 163.66 kW, 159.09 kW
and 152.59 kW, respectively. The optimization procedure is followed for all the three loads and the
results are provided in Table 3. The power loss reductions obtained after DSTATCOM placement for
industrial, residential and commercial loads are 18.45%, 24.54% and 27.66%, respectively. Figure 4a-d
show the enhancement in the bus voltage profile under different load models. As can be seen from
Table 3 and Figure 4a—d, after placing DSTATCOM using the proposed technique, the power and
voltage profiles have been enhanced.

The DSTATCOM placement in radial distribution systems has many benefits, such as voltage
profile enhancement, real power loss minimization and intake minimization of reactive power from the
substation, which result in an important benefit for the distributor network operators (DNOs). In order
to show the effective comparison, the power loss reduction by CSA is graphically compared with other
classical methods and shown in Figure 5. This figure shows that the power loss reduction achieved by
the proposed method is far better than that of other techniques. Hence, CSA is very accurate in finding
the near global optima solutions.

In order to check the impacts of different CSA parameters for quality solutions, computational
time and convergence behavior, it is necessary to do an empirical analysis to fine tuning of CSA
parameters. The CSA parameters are tuned manually with 12 different cases as tabulated in Table 4.
In the case 1, the parameter “Number of Nest (n)” is kept constant and the parameter “Discovery rate
of alien eggs (pa)” is varied manually. In case 2, the parameter “pa” is kept constant and the parameter
“n” is tuned manually. The total power loss, number of iteration and computational time for 33 bus
system by varying the parameters are summarized in Table 4. It is noted that the best solutions are
obtained when the n is 25 and the parameter pa is 0.25. The adaptive stopping criterion is set as 100,
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and it is fixed as constant to run the test system for 100 runs. Hence, the optimal parameter settings to

12 of 20

solve the DSTATCOM problem using CSA method are found using empirical analysis.

In order to illustrate the convergence of the cuckoo search algorithm, the convergence characteristic
of CSA for the best solution is shown in Figure 6. It is very clear that the CSA takes only 10 iterations
to converge to the best solution, which takes less then 7 s. CSA shows a steady and rapid convergence

with near global searching ability in solving DSTATCOM placement in a RDS.

Table 3. Results of 33-bus system with different Load Models.

Parameters Industrial Residential Commercial

B.C A.C B.C A.C B.C A.C
210 (14) 230 (14) 240(14)
Size (kvar) and Locations _ 420 (24) _ 440 (24) _ 450(24)
630 (30) 740 (30) 760(30)
Ploss (KW) 163.66 13346  159.09  120.04 15259 11037

% Reduction in Pjogs S 18.45 — 24.54 S 27.66
Vimin (p-u) 09162 09322 09175 09355 09195  0.9383
VSIin (p-11) 0.6987  0.7492 0.703 07605 07097  0.7699

TACS _ 9190 _ 1304 _ 1450

Where, B.C and A.C are before and after compensations.
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Figure 5. Comparison of power loss reduction by CSA with other classical techniques.

Table 4. Optimal parameter setting of CSA for 33-bus system.

Case Parameter Settings Power Loss (kW) No of Iteration CPU Time (s) Adaptive Stopping Criterion (Iterative)
n pa
1 25 0.10 145.25 12 9 100
25 0.15 143.25 12 9 100
25 0.20 140.25 10 8 100
25 0.25 137.48 10 7 100
25 0.30 139.25 10 8 100
25 0.35 142.35 12 9 100
25 0.40 146.35 13 9 100
2 10 0.25 146.32 12 11 100
20 0.25 142.36 10 10 100
30 0.25 143.25 10 11 100
40 0.25 145.36 11 11 100
50 0.25 148.25 12 12 100
180 ‘ ‘
I I
I I
AL ., St YS S " S S S——_—____—-_ .
I I
170 + +
1A
g 165 —— S|
S PLI
g 160 BFOA
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1 B R e T e e B S
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Figure 6. Comparison of Convergence characteristic of Objective Function for standard 33 Bus system.
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4.2. Test System 2: Standard 69-Bus Test System

The next case study is based on the large scale 69-bus test system as shown in Figure 7, with total
active and reactive demand of 3.80 MW and 2.69 Mvar, respectively. The system comprises 69 buses
and 68 branches within a radial distribution system, and the substation voltage is considered as 1
p-u. The uncompensated real power and reactive power losses are 225 kW and 102.2 kvar, respectively.
The required demands for this test system are taken from [29,30]. This large-scale test system is
considered to check the feasibility of the proposed technique. In order to validate the effectiveness of
the proposed method to determine the optimal placement of DSTATCOMs, the results are compared
with those achieved, considering other techniques.

36 37 38 39 40 41 42 43 44 45 46

47 48 49 50 53 54 55 56 57 58 59 60 61 62 63 64 65
PR
1 2 31a 5 6 7 8|9 10 11]12]13 14 15 16 17 18 19 20 21 22 23 24 25 26 27
2y ——— ||
29 — ||
30 52 51 67 66 68 69
31 I—

3233 34 35

Figure 7. Sample line diagram of standard 69-bus test system.

For the standard 69-bus test system, three DSTATCOMs are optimally sized and placed. LSA is
used to find the optimal locations of the DSTATCOMs and the CSA is used to find the optimal sizing of
the DSTATCOMs. To show the performance of the present approach, the attained results are compared
with other methods. Table 5 presents the optimal kvar, candidate location of the DSTATCOM placement,
minimum bus voltage, power loss, and TACS of the proposed and existing methods. The proposed
method is solved 100 times with optimal CSA parameters. The best, worst and average solutions of
this 100 runs are tabulated in Table 5. After compensating the system using the proposed approach,
the real loss has been decreased from 225 kW to 145.34 kW. The system bus voltage is significantly
enhanced from 0.9090 p.u to 0.9301 p.u. In addition, the TACS of the proposed method is USD 32,587.
From Table 5, it is noted that the decrease of power loss and total annual cost saving obtained from the
proposed method is significantly high, compared to other methods like PSO, BA, and IA. This illustrates
that the present approach is more effective than other methods.

To investigate the performance of the present approach in depth, it has been applied to different
load models. The DSTATCOM sizes and locations, power loss, minimum voltage and VSI for all
load models are illustrated in Table 6. This table represents a noteworthy enhancement in the power
loss reduction in all load models when compared with the base case. The power loss reductions
by industrial, residential and commercial are 18.07%, 27.81% and 28.41%, respectively. Figure 8a—d
show the improvement in the voltage profile under different load models. As shown in these figures,
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the voltage levels at all buses significantly improve for all load models due to the insertion of
DSTATCOMs in the RDS. This demonstrates that the present approach is very accurate in finding the

power loss and voltage values for the system with different load models.

Table 5. Results of standard 69-bus system (Constant Load).

Type Parameters Proposed Method BA [13] IA [28] PSO [12]
Before Ploss (kW) 225 225 225 225
Compensation Vmin(p-u) 0.9090 0.9090 0.9090 0.9090

VSInin(p-u) 0.6822 0.6822 0.6822 0.6822
Size in kvar 350 (11)
(location) 230 (18) 1326 (61)  1704.42 (61) 901 (61)
1170 (61)
P1oss (kW) (100runs)
After Best 145.34 150.2 157.5 167.9
Compensation Worst 166.85 - - -
Average 158.85 - - -
% P1oss Reduction 35.4 33.24 30 25.37
Vmin(p-u) 0.9301 0.9309 0.9353 0.9241
VSInin(p-u) 0.7428 0.7424 0.7561 0.7255
TACS 32,587 32,282 26,438 25,233

u)

2 0.

Voltage(
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== == = \\Vith DSTATCOM
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| | |
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Figure 8. Voltage profile of standard 69-bus test system under different load models: (a) Constant Load.

(b) Industrial Load. (c) Residential Load. (d) Commercial Load.
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Table 6. Results of standard 69-bus system with different Load Models.

Parameters Industrial Residential Commercial

B.C A.C B.C A.C B.C A.C
300 (11) 320 (11) 320 (11)
Size (kvar) and Locations _ 170 (18) _— 200 (18) — 200 (18)
700 (61) 820 (61) 880 (61)

Ploss (KW) 171.39 140.42 164.87 123.96 156.92 112.33

% Reduction in Py _ 18.07 _ 24.81 28.41
Vmin (p-u) 0.9196 0.9319 0.9217 0.9361 0.9242 0.9396
VSInin (p-u) 0.7136 0.7477 0.7211 0.7625 0.7289 0.7742
TACS _ 10,072 _ 14,395 _ 16,011

The convergence of the algorithm should be as stable as possible to get near global optimal
solutions. In order to predict the performance of the CSA, the convergence characteristic of CSA for
this test system is compared with other existing algorithms, as shown in Figure 9. It is very clear that
the CSA takes only 10 iterations to converge to the best solution. In addition to that, the CSA shows
a stable and quick convergence with a near global searching ability, to find the optimal DSTATCOM
sizes. In general, CSA has very fast convergence speed. It converges fastest on both the test systems,
and has the highest convergence accuracy. The CSA has strong competitiveness and can be applied to
more complex particle problems.

BA

—— | A

PSO

Proposed Method

Objective Function (F)

No of Iteration

Figure 9. Comparison of convergence characteristics for standard 69-bus system.
The advantages of CSA are as follows,

e  Only two parameters are required to tune for optimization procedure.
e Convergence speed is high.

e  Simple to alter the coding for any kind of optimization problem.

e  Easy to implement.

Note that it is not possible to prove that the solution achieved by the proposed algorithm is the
global optimum. However, in order to show the superiority of the CSA, its performance is compared
with other classical techniques, like BA [13], IA [28] and PSO [12], available in the literature of CSA
optimization curve for standard 69 bus system. This analysis is provided in Figure 10, which shows
that the CSA provides the lowest value of the objective function.
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Figure 10. Performance of different methods for standard 69-bus system.
The superiority of the proposed method is summarized as follows.

e The power loss reduced by using the proposed method is 145.34 kW, which is better when
compared with other classical techniques as shown in Table 7.

Table 7. Comparative analysis of proposed method with other classical methods for standard -69 bus

Test System.
Parameters Proposed Method BA [13] IA [28] PSO [12]
Power Loss (kW) 145.34 150.2 157.5 167.9
TACS (USD) 32,587 32,282 26,438 25,233
Optimization Procedure Simple Complex Complex Complex

e Total annual cost saved by the proposed method is 32587 USD, which is a huge saving when
compared with other classical techniques. Additionally, 305 USD is saved by implementing a
CSA-based approach.

e  CSA optimization procedure is simple when compared with other classical techniques.

e  The line loss of each section for standard 33 bus system is shown in Figure 11. It shows that the
proposed method largely reduces the power loss when compared with other classical techniques.
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Bus number

Figure 11. Comparison of performance of line losses for standard 33 bus system.

5. Conclusions

In this work, a new approach is proposed for the optimization problem of DSTATCOM placement
in a distorted unbalanced radial distribution system using the cuckoo search algorithm. This method
is tested on standard 33- bus and 69-bus systems to evaluate the optimal location and sizing of
DSTATCOM with different load models. The objective is to minimize the active power loss in the
distribution system, as well as to enhance the voltage profile of the system. The simulated results were
compared with other artificial techniques, such as BA, IA and PSO. The simulated results show that
the cuckoo search algorithm is more effective than other methods investigated in this work in terms of
active power loss minimization.

The main outcomes of this study are as follows:

e  The power loss obtained for the standard 33-bus system using the proposed method is 144.38 kW,
which is far better than the 153-kW losses obtained using the PLI method.

e  Similar for the standard 69-bus system, the power loss is 145.34 kW, which is far better than the
150.2-kW losses obtained by the BA method.

e  The attained results show that the present approach reduces the power loss and improves the bus
voltage profile accurately and effectively in RDS.

e Inaddition to that, the study identifies the constant load model amongst various load models are
sufficed and viable to place DSTATCOM for network losses and voltage studies.
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Nomenclature

Pand Q Active and reactive power

Py and Qg Nominal active and reactive power

aand Active and reactive power exponents

Py k1 & Qg k+1 Active and reactive power flow between buses k and k + 1
Pit1,eff & Qi1 Total effective real and reactive power supplied beyond bus k + 1
PLoss(kk+1) & QLoss(kk+1) Real and reactive power losses between buses k and k + 1 respectively
kandk +1 Sending and receiving end buses

V‘g‘in Minimum voltage at bus k

Noa Maximum voltage at bus k

PpsraTcom(x) Power generation using DSTATCOM

Pp) Power demand at bus k

Vi & Vit Voltage magnitude across k and k + 1 buses

min

DSTATCOM(K) & gg} ATCOM(k) Lower and upper ranges of the reactive power of compensated bus k

References

1.

10.

11.

12.

13.

14.

Rohouma, W.; Balog, R.S.; Peerzada, A.A.; Begovic, M.M. D-STATCOM for harmonic mitigation in low
voltage distribution network with high penetration of nonlinear loads. Renew. Energy 2020, 145, 1449-1464.
[CrossRef]

Ahmad, A.L.; Reza Sirjani, A. Optimal placement and sizing of multi-type FACTS devices in power systems
using metaheuristic optimisation techniques: An updated review. Ain Shams Eng. J. 2019, 1-12. [CrossRef]
Ali, M.S.; Haque, M.M.; Wolfs, P. A review of topological ordering based voltage rise mitigation methods for
LV distribution networks with high levels of photovoltaic penetration. Renew. Sustain. Energy Rev. 2019, 103,
463-476. [CrossRef]

Bayat, A.; Bagheri, A. Optimal active and reactive power allocation in distribution networks using a novel
heuristic approach. Appl. Energy 2019, 233-234, 71-85. [CrossRef]

Kazmi, S.A.; Ameer Khan, U.; Ahmad, HW.; Ali, S.; Shin, D.R. A techno-economic centric integrated
decision-making planning approach for optimal assets placement in meshed distribution network across the
load growth. Energies 2020, 13, 1444. [CrossRef]

Chandan, K.; Mahesh, K.M. A control algorithm for flexible operation of DSTATCOM for power quality
improvement in voltage and current control mode. In Proceedings of the IEEE International Conference on
Power Electronics, Drives and Energy Systems (PEDES), Bengaluru, India, 16-19 December 2012.

Wasiak, I.; Rozmyslaw, M.; Ryszard, P.; Piotr, G. Application of DSTATCOM compensators for mitigation
of power quality disturbances in low voltage grid with distributed generation. In Proceedings of the 9th
International Conference on Electrical Power Quality and Utilisation, Barcelona, Spain, 9-11 October 2007.
[CrossRef]

Gupta, A.R.; Ashwani, K. Energy Saving Using D-STATCOM Placement in Radial Distribution System under
Reconfigured Network. Energy Procedia 2016, 90, 1-6. [CrossRef]

Hussain, S.M.; Subbaramiah, M. An analytical approach for optimal location of DSTATCOM in radial
distribution system. In Proceedings of the International Conference on Energy Efficient Technologies for
Sustainability, Nagercoil, India, 10-12 April 2013. [CrossRef]

Jain, A.; Gupta, A.; Kumar, A. An efficient method for D-STATCOM placement in radial distribution system.
In Proceedings of the IEEE 6th International Conference on Power Electronics (IICPE), Kurukshetra, India,
8-10 December 2014. [CrossRef]

Gupta, AR.;; Kumar, A. Energy savings using D-STATCOM placement in radial distribution system.
Procedia Comput. Sci. 2015, 70, 558-564. [CrossRef]

Devi, S.; Geethanjali, M. Optimal location and sizing determination of distributed generation and DSTATCOM
using particle swarm optimization algorithm. Int. J. Electr. Power Energy Syst. 2014, 62, 562-570. [CrossRef]
Khorram-Nia, R.; Baziar, A.; Kavousi-Fard, A. A novel stochastic framework for the optimal placement and
sizing of distribution static compensator. J. Intell. Learn. Syst. Appl. 2013, 5, 90-98. [CrossRef]

Devabalaji, K.; Ravi, K. Optimal size and siting of multiple DG and DSTATCOM in radial distribution system
using bacterial foraging optimization algorithm. Ain Shams Eng. J. 2016, 7, 959-971. [CrossRef]


http://dx.doi.org/10.1016/j.renene.2019.05.134
http://dx.doi.org/10.1016/j.asej.2019.10.013
http://dx.doi.org/10.1016/j.rser.2018.12.049
http://dx.doi.org/10.1016/j.apenergy.2018.10.030
http://dx.doi.org/10.3390/en13061444
http://dx.doi.org/10.1109/epqu.2007.4424166
http://dx.doi.org/10.1016/j.egypro.2016.11.177
http://dx.doi.org/10.1109/iceets.2013.6533586
http://dx.doi.org/10.1109/iicpe.2014.7115746
http://dx.doi.org/10.1016/j.procs.2015.10.100
http://dx.doi.org/10.1016/j.ijepes.2014.05.015
http://dx.doi.org/10.4236/jilsa.2013.52010
http://dx.doi.org/10.1016/j.asej.2015.07.002

Energies 2020, 13, 4615 20 of 20

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Singh, D.; Singh, D.; Verma, K.S. Multiobjective optimization for DG planning with load models. IEEE Trans.
Power Syst. 2009, 24, 427-436. [CrossRef]

Khushalani, S.; Schulz, N. Unbalanced distribution power flow with distributed generation. In Proceedings
of the 2005/2006 IEEE/PES Transmission and Distribution Conference and Exhibition, Dallas, TX, USA, 21-24
May 2006. [CrossRef]

Lata, P; Vadhera, S. Reliability improvement of radial distribution system by optimal placement and sizing
of energy storage system using TLBO. . Energy Storage 2020, 30, 101492. [CrossRef]

Devabalaji, K.; Ravi, K.; Kothari, D. Optimal location and sizing of capacitor placement in radial distribution
system using bacterial foraging optimization algorithm. Int. . Electr. Power Energy Syst. 2015, 71, 383-390.
[CrossRef]

Prakash, K.; Sydulu, M. Particle swarm optimization based capacitor placement on radial distribution
systems. In Proceedings of the IEEE Power Engineering Society General Meeting, Tampa, FL, USA, 24-28
June 2007. [CrossRef]

Ebrahim, M.A.; Wadie, F.; Abd-Allah, M.A. Integrated fault detection algorithm for transmission, distribution,
and microgrid networks. IET Energy Syst. Int. 2019, 1, 104-113. [CrossRef]

Al-Jaafreh, M.A.; Mokryani, G. Planning and operation of LV distribution networks: A comprehensive
review. IET Energy Syst. Int. 2019, 1, 133-146. [CrossRef]

Nguyen, T.T.; Nguyen, T.T. An improved cuckoo search algorithm for the problem of electric distribution
network reconfiguration. Appl. Soft Comput. 2019, 84, 105720. [CrossRef]

Yang, X.S.; Deb, S. Cuckoo search via Levy flights. In Proceedings of the World Congress on Nature &
Biologically Inspired Computing (NaBIC 2009), Coimbatore, India, 9-11 December 2009. [CrossRef]

Yang, X.; Deb, S. Cuckoo search: Recent advances and applications. Neural Comput. Appl. 2013, 24, 169-174.
[CrossRef]

Yome, A.S.; Mithulananthan, N.; Kwang, L. Voltage Stability Assessment and Enhancement of the Thailand
Power System. IFAC Proc. Vol. 2006, 39, 119-124. [CrossRef]

Vijayakumar, K.; Kumudinidevi, R.P. A new method for optimal location of FACTS controllers using genetic
algorithm. J. Theor. Appl. Inf. Technol. 2007, 3, 1-6.

Sahoo, N.; Prasad, K. A fuzzy genetic approach for network reconfiguration to enhance voltage stability in
radial distribution systems. Energy Convers. Manag. 2006, 47, 3288-3306. [CrossRef]

Taher, S.A.; Afsari, S.A. Optimal location and sizing of DSTATCOM in distribution systems by immune
algorithm. Int. J. Electr. Power Energy Syst. 2014, 60, 34—44. [CrossRef]

Baran, M.; Wu, F. Network reconfiguration in distribution systems for loss reduction and load balancing.
IEEE Trans. Power Deliv. 1989, 4, 1401-1407. [CrossRef]

Baran, M.; Wu, F. Optimal sizing of capacitors placed on a radial distribution system. IEEE Trans. Power Deliv.
1989, 4, 735-743. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1109/TPWRS.2008.2009483
http://dx.doi.org/10.1109/tdc.2006.1668508
http://dx.doi.org/10.1016/j.est.2020.101492
http://dx.doi.org/10.1016/j.ijepes.2015.03.008
http://dx.doi.org/10.1109/PES.2007.386149
http://dx.doi.org/10.1049/iet-esi.2019.0002
http://dx.doi.org/10.1049/iet-esi.2019.0013
http://dx.doi.org/10.1016/j.asoc.2019.105720
http://dx.doi.org/10.1109/NABIC.2009.5393690
http://dx.doi.org/10.1007/s00521-013-1367-1
http://dx.doi.org/10.3182/20060625-4-CA-2906.00026
http://dx.doi.org/10.1016/j.enconman.2006.01.004
http://dx.doi.org/10.1016/j.ijepes.2014.02.020
http://dx.doi.org/10.1109/61.25627
http://dx.doi.org/10.1109/61.19266
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Load Modelling and Problem Formulation 
	Formulation of Load Models 
	Load Flow Analysis 
	Objective Function 
	Voltage Constraint 
	Active Power Balance Constraints 
	Reactive Power Balance Constraints 

	Loss Sensitivity Factor (LSF) 

	Cuckoo Search Algorithm 
	Simulation Results and Discussion 
	Test System 1: IEEE 33-Bus Test System 
	Test System 2: Standard 69-Bus Test System 

	Conclusions 
	References

