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= ABSTRACT: The efficiency of electrical distribution systems is being more affected by the increase in voltage drops and
power losses. These issues of voltage drop and power loss can be significantly minimized by the incorporation of a Distribution
Static Compensator (DSTATCOM) in the distribution network. However, inappropriate positioning and sizing of DSTATCOM
can undermine its efficiency. Despite the contributions of many researchers to the optimal placement of DSTATCOM and other
compensators in distribution networks, the problems of voltage drop, power losses, and power quality persist, necessitating the
need for additional research in this area. In this paper, an innovative technique based on hybridized Immune and Genetic
Algorithm (IA-GA) for optimal DSTATCOM placement and sizing for three distinct load levels is proposed. Simulation and
analysis of the proposed algorithm were carried out using IEEE-33 bus radial distribution network (RDN) in MATLAB. The
simulation results demonstrate a substantial decrease in power loss and a significant improvement in the voltage profile.
Evaluation of the proposed method against existing techniques reveals that the proposed technique outperforms IA and PSO in
terms of decreasing power loss and enhancement of voltage profiles. A cost-benefit analysis was performed, and it was discovered
that the proposed technique yields improved annual cost savings.

Keywords: DSTATCOM, hybrid IA-GA, IEEE-33 bus, power loss reduction, radial distribution network, voltage profile
improvement.

DSTATCOM is a distribution FACTS (DFACTS) device that
is shunt connected for reactive power compensation. In recent
years, DSTATCOM has been utilized to improve the
adaptability and control of power system operations, such as
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and improvement of voltage profile is primarily acquired by its
location and size, network architecture and layout, and its
configuration [3].

1. INTRODUCTION

The growing power demand, high costs associated with
building new grids, and environmental concerns have created
unavoidable challenges such as power line overload and
excessive power transmission, voltage instability, high losses,
low power quality, voltage profile problems, and reliability
issues. FACTS (Flexible Alternating Current Transmission
Systems) devices have shown to be successful and feasible in
minimizing the aforementioned transmission and distribution
system problems. However, in order to realize the benefits of
FACTS devices, their placement and capacity should be
optimized. Therefore, the FACTS allocation problem, which
involves determining the optimal size and positioning of
FACTS and custom controllers in power systems, has piqued
the interest of numerous researchers [1].

Many optimization techniques have been used in recent
decades to optimize the installation of DSTATCOM to
minimize overall power losses, including deterministic
approaches, classical metaheuristic techniques, and also hybrid
metaheuristic strategies [4]. Considering the high technical
losses in distribution networks, DSTATCOM or other forms of
compensators should be mounted in distribution networks at
appropriate locations and in proper sizes to reduce the reactive
currents flowing in the branches or to inject/absorb reactive
power as when necessary in order to boost voltages and
mitigate overall power losses. Distribution network power loss
is estimated to account for about 13% of overall generated
power in power systems [5],[6] and can be minimized by
incorporating compensators into the distribution network to
minimize reactive power flows. Furthermore, by lowering
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branch currents, voltage drops can be reduced. In particular,
the number of compensators deployed, as well as the position
and capacity of each compensator are critical concerns in

developing and running distribution networks [7].

The decline of voltages at load terminals are among the most
popular power quality issues today [8]. A voltage drop
happens whenever the operating voltage falls below its real
rating due to the load's excessive reactive power consumption
[9]. Voltage drops can impact the operation of sensitive loads
as well as lowering system efficiency. The voltage drop is by
default a three-phase effect in three-phase networks, affecting
both phase to phase and phase to ground voltages. A
disturbance in the utility grid, a fault inside the premises of the
customer, or a significant rise in the load current, such as a
transformer energizing or starting a motor, may both induce a
voltage drop.

Voltage drop and power loss problems have been and are still
a critical concern in distribution networks and have resulted in
much loss of revenue and properties on both the utility and the
consumers [10], [11]. In order to alleviate these problems,
numerous researches have been conducted by various
researchers on the optimal application of FACTS devices, such
as DSTATCOM, and other compensators [12], [13]. In [14],
Taher and Afsari adopted IA (immune algorithm) to obtain
DSTATCOM'’s best position and size in distribution systems
in order to minimize energy cost loss, power congestion, and
boost the voltage profile. For both the test systems used, 1A
has lower objective function values than GA at all load levels.
Despite outperforming GA, IA has a premature convergence
problem which results in low power loss reduction and
minimal voltage improvement.

Tejaswini and Susitra [15] suggested a hybrid Whale and Grey
Wolf optimization technique to locate and size DSTATCOM
in an RDN optimally. The method was designed to improve
power quality in an RDN by placing DSTATCOM on a node
that is prone to voltage collapse. The suggested approach's
performance was compared to that of existing metaheuristics,
but the cost analysis revealed that it is not cost-effective.
Similarly, HS (harmony search) algorithm, which is inspired
by the improvisation method in music, was used to find the
best position and optimal size for DSTATCOM with the
objective function of minimizing copper losses [6]. On an
IEEE 33-bus delivery network, the proposed approach was
tested. The suggested HS outperforms IA in loss minimization,
according to the findings, but only normal load condition was
considered in this study.

Khan et al [16] proposed an improved bacterial foraging
search algorithm (IBFA) to optimally locate and size
DSTATCOM in a distribution network. The study's objective
was to reduce power loss while also enhancing voltage
stability and profile. When compared, IBFA outperformed
conventional BFA. However, no additional metaheuristic was
utilized in the comparison other than BFA, making it difficult
to evaluate the performance of the suggested technique. The
authors of [17] proposed an approach that is fuzzy-GA based
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for distribution network feeder reconfiguration using
DSTATCOM with the aim of reducing actual power loss and
running costs. The fuzzy membership functions of loss
sensitivity were used in the proposed solution for selecting
weak nodes within the distribution power network for the
proper positioning of DSTATCOM, and a GA was used to
monitor the optimal parameter adjustments of the
DSTATCOM unit as well as the selection of optimal tie
switches in the reconfiguration process. However, few
membership functions were used for loss sensitivity which
compromises the selection of weaker nodes and hence the
DSTATCOM placement. Rukmani et al [18] proposed a novel
bio-inspired Cuckoo Search Algorithm (CSA) to optimally
locate and size DSTATCOM in an RDN. The optimal site
was determined by utilizing the loss sensitivity factor (LSF).
The objective function was aimed to reduce overall power loss
and improve the voltage profile. In the simulation, an IEEE
33-bus RDN was employed to validate the approach's efficacy.
The comparative results, however, demonstrate a little
reduction in power loss and a slight improvement in the
voltage profile after DSTATCOM placement. Other
algorithms such as PSO, binary gravitational search
algorithm(BGSA), hybrid BF-GWO, ANN, Improved Cat
Swarm Optimization (ICSO), SLFA, Penguin Optimization
Search Algorithm (PSOA), modified SCA, Ant Colony
Optimization(ACO), and Bat Algorithm (BA), have also been
used in [19]-[27] to optimally allocate DSTATCOM to reduce
power loss and enhance voltage profile.

In this paper, using MATLAB, a hybrid of Immune Algorithm
(1A) and Genetic Algorithm (GA) is proposed to develop an
algorithm that uses the data of a radial IEEE-33 bus
distribution system to obtain the optimal DSTATCOM
location and size. The algorithm then optimally allocates the
sized DSTATCOM to the distribution network for power loss
mitigation and voltage profile improvement. The purpose of
hybridizing IA and GA is to solve the premature convergence
problem faced by 1A and to enhance its performance.

The remainder of the paper is organized as follows: The
problem formulation is presented in Section 2, which primarily
includes the objective function, constraints, and total cost
saving formulation. Section 3 describes the DSTATCOM and
RDN system modelling, as well as the forward and backward
sweep load flow and DSTATCOM incorporation. Section 4
presents the proposed approach's step-by-step procedures,
while Section 5 contains the simulation results and discussion,
cost-benefit analysis, and comparison and performance
analysis of the proposed approach. The study's conclusion is
presented in Section 6.

2. PROBLEM FORMULATION

Optimal DSTATCOM positioning and sizing can result in less
power losses and an enhancement in distribution network voltage
profiles. In this study, the optimal DSTATCOM position and size
in an 1IEEE-33 bus RDN is obtained using the hybridization of
immune and genetic algorithms (IA-GA) for three load scenarios
(light, medium and peak load conditions). The formulation of the
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problem is based on an objective function and the constraints
detailed below:

2.1 Objective Function

In this study, the optimal placement and reactive power of
DSTATCOM in an RDN (IEEE 33 bus) are determined in a
steady-state condition. The objective function, OF, considers
minimizing the power loss and the DSTATCOM size in the
distribution network. The current and voltage constraints are
expressed in the objective function as penalty factors. The
objective function also entails the cost of the energy lost, the yearly
duration of each load level, the time proportion of each load level,
and the yearly DSTATCOM cost of investment. The various
components of the objective function are described below:

2.1.1 Power Loss and Time Duration Proportion
The power losses in it load level can be described as [28];

nl
R,:;Rj‘lj‘z 1)

where P, indicates the power losses in the i load level, shows the

resistance of the j line, Nl signifies the current magnitude flowing
in the j™ line, and  represents the number of lines. i =1, 2, and 3.
Where 1 represents light load, 2 represents medium load, and 3
signifies peak load. The following equation was used to determine
the proportion of the individual (i) load level time and the total
time duration for the three load levels [29]:

" @

e
2T
i1

Where K_; is the time proportion of the i load level and Ti is
the time of the individual load level.

K

ci

2.1.2 Investment Cost

The projected income and investment expenses must be
compared across the whole planning horizon to determine the
economic worth of the DSTATCOM installation plan. By
applying the present worth factor principle, the cost of
DSTATCOM investment can be obtained from Equation (3)
[30]-[33].

L@+ *r
(L+r)® -1
where D, is the annual investment cost of the DSTATCOM

Dcost = Dcosti

@)

in the load level, D is i load level cost of investment in the

year of allocation, Myis the DSTATCOM’s longevity, and
denotes the rate of return.

2.1.3 Penalty Factor

When the operational variables such as line currents and bus
voltages exceed the required safe limits, a penalty factor is
applied. The constraints are determined in a steady-state
situation. Equation (4) presents the penalty factor (PF) utilized
in the suggested objective function.
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nl

[H Iovrln_b[ Vovr)
j=1 j=1

PF:f[

i=1

(4)

Where nband nl indicate the number of buses and number of

lines  respectively. |0\,Ir andVO\,r are  respectively  the

overcurrent and overvoltage. The |0\,r and Vo\,r constraints are
given in equations (5) and (6).

1 ifl. <l

j — "max
Iovr: IJ - (5)
exp /11—|— if1>1

if\V,, <V, <V

min —

1
Vovr = .
{exp (u1-V,|) otherwise

max (6)

where |max denotes the maximum current that flows in the
network line, ££and A are small constants, V, is the r" bus

voltage in pu, andV,;, and V__ are the minimum and

maximum voltage constraints, respectively.

2.1.4 General Objective Function

By combining Equations (1) to (4), the expression for the
objective function (OF) of the proposed three load levels is
given by;

OF | K. (TR )+ (K,0.)[PF] @

i=1 i
Where | indicates the number of load levels, K, is the cost of
energy, and PF is the penalty factor of Equation (4).

The first term in the right-hand side of Equation (7) denotes
the total cost of energy loss and DSTATCOM installations
while the second term signifies the penalty factor (voltage and
current constraints of the network, and serves as a penalty
factor when the voltage or current boundaries deviate).

2.2 Constraints

2.2.1 Current Constraint

The current that flows through each branch should not exceed
the maximum current tolerance of the conductor as given in
equation (8).

max
Loy < Loy ®)

Where 1., denotes the current magnitude that flows through

b(i)
branch | and IQV('SX represents the maximum current limit of

the branch j . The current's maximum limit is set at 1.2 times
the branch's base current to prevent overloading.
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2.2.2 Bus Voltage Constraint
The voltage at each bus should be kept within the permitted range
given by;

(VAL SVAES VAL (9)

Where V. denotes the voltage of busn, V™ and V™ are

the limits for the minimum and maximum voltages set at 0.9
p.u and 1.1 p.u, respectively. If the bus voltage violates these
boundary conditions, the penalty factor of the objective
function is applied.

2.2.3 DSTATCOM Reactive Power Constraint
The reactive power the DSTATCOM can inject into the
network should also be within safe limits, as expressed below:

QY <Q,<Q (10)

min max

Where Q. is the DSTATCOM injected size at busn,

D D . A .
Q, and Q. are respectively the minimum and maximum
min max

limits of the DSTATCOM reactive power and are set to
OMVAr and 10MVAr.

2.3 Total Cost Saving

In order to perform the cost-benefit analysis, the cost of the
total energy loss before and after installing the DSTATCOM,
the total annual cost, and the total cost saving are determined
and compared to that of other techniques. Therefore, the total
cost saving (TCS) is obtained by using Equation (11) [34].

TCS = Ke iTI Pli _[Ke ZS:TI I:)|.D +ZS: KCi DCOSt J (11)

i=1 i=1 ' i=1

Where the first term on the right-hand side (RHS) is the
energy loss cost before incorporating the DSTATCOM, the
second and third terms are the energy loss cost when the
DSTATCOM s incorporated and the DSTATCOM cost in a
particular year, respectively. P, and P.D are the power loss

before and after DSTATCOM incorporation.

2.4 Simulation Parameters

The yearly total duration and the total power for each
load level is presented in Table 1. The objective function
variables (parameters of Equations (7) to (11)) used in the
algorithm are defined in Table 2 [14], [35].

7 Table 1: Yearly Load duration and total load for the
different load levels

Load Light Load | Medium Load | Peak Load
Level
Time
(hour/year) 2010 5240 1510
Total Load . . .
(KVAD) 3715 +j2300 | 4829.5 +j2300 | 5944+j2300
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“Z Table 2: Setting of the Objective Function parameters

Duw, | Ny | T | K, Kq A
u
($/KVAr) |(years) (%6) ($/kwh) | Light Medium | Peak
40 30 10 0.06 [0.22831 |0.60046 |0.17123 | 2| 1

# 3. SYSTEM MODELLING

The proposed approach has been tested on the
conventional IEEE 33-bus system to demonstrate its
effectiveness and performance. There are 33 buses and 32
branches in the IEEE-33 bus RDN. The base power and
voltage for this system are 100 MVVA and 12.66kV, and Table
1 shows the total real and reactive power for the three load
levels. The IEEE 33-bus RDN line data (line resistance and
reactance) and the bus data (active and reactive loads) used in
this study are shown in Appendix A and were taken from [36].
The electric power feeder from a generation/transmission
network is designated bus number 1 in this system. The
remaining buses are considered DSTATCOM candidate
locations. Figure 1 depicts the IEEE 33-bus network as a
single line diagram [37], [38]. The size of the population is set
at 50 particles and the intended termination criteria is 100
iterations. To perform distribution network load flow, compute
actual and reactive power losses, and determine the
appropriate position and size of DSTATCOM, the suggested
technique was designed and implemented in the MATLAB
environment.

The DSTATCOM and the RDN model as well as the
backward sweep and forward sweep load flow technique used in
this paper are detailed in the subsections below:

23 24 25

26 27 28 29 30 31 32 33

1 | | I | I

9 10 11 12 13 14 15 16 17 18
I I T
11T 1T 1T 1T

7

| |
1T 11
19 20 21 22

Fig. 1: IEEE-33 bus single line diagram

|
|
8
|
I

O

3.1 DSTATCOM and RDN Modelling

The DSTATCOM is a VSC (voltage source converter) that is
usually shunt connected to inject or absorb active and reactive
current through its PCC (point of common coupling).
DSTATCOM is utilized exclusively for reactive power
compensation in an IEEE 33 bus RDN in this study. Backward
and forward sweep load flow computation is employed in this
research. The steady-state mathematical model is presented in
[14], [39]. Figure 2 represents a section of two consecutive
buses of the 33 bus RDN without the incorporation of the
DSTATCOM while Figure 3 is the current and voltage phasor
diagrams of Figure 2. Also, Figure 4 illustrates a section of
two consecutive buses of the 33 bus RDN with the
DSTATCOM incorporated while Figure 5 depicts the current
and voltage phasor diagrams of Figure 4.
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Vi

Pn+iQn Pr1 +1Qnst

Fig. 2: Single line diagram of two successive buses of IEEE 33 bus
network

Reference Axis

Fig. 3: Current and Voltage phasor diagram of two successive buses
of IEEE 33 bus network

By applying Kirchhoff’s voltage law (KVL) in Figure 2, the
following equation is obtained;

Vn+14ﬂn+l :anan _(Rb + be) Ible (12)

where n and N+ lare the sending and receiving buses, the
impedance between bus n and N+1is R + jX,, the load

of bus n is P, + jQ, and that of bus N+1is P, + JQ, ;.
V. and V_are the voltages of bus n and N+1 before
DSTATCOM installation, Ibis the current flowing through

impedance R, + jX,, @ isthe angle of 1., ¢, is the angle
of V,,and £, ., istheangleof V_,.
V'n V'n+1
@ Ro X PCC
> Io
lp
Pn +1Qn DSTATCOM | P+t *1Qnes
(VSC)
Energy Storage

Fig. 4: Single line diagram of two consecutive IEEE 33 buses with
DSTATCOM
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Reference Axis

Fig. 5: Current and Voltage phasor diagram of two consecutive IEEE
33 buses with DSTATCOM

Performing KVL in figure 4 results in equation (13) and the
angle of DSTATCOM current in equation(14).

VealBis Vol =(Ry+ X,)(1,£0+1,£(90° 4 4,,,)) (13)

Ay =90°+ (14)

n+1

Where, V and V. , are the voltages of bus n and N +1 after
DSTATCOM installation, |,is the DSTATCOM -current,
a, isthe angle of V., A, isthe angle of V_ ..

If the real and the imaginary parts of equation (13)
are separated, equations (15) and (16) are obtained as;

Real Part:
V,R,cosa, V, X,sina, V,,R,cosf,
, RZ+ X2 RZ+ X? R+ X2
lpoos(90°+ )| e R TR
_ . n#l zbsmlzgml_'bcosg
Ry + X;
(15)

Imaginary Part:

V,R,;sine, V X, cosa, V,,Rsing.,

: RZ+ X2 2+ X RZ+ X2
J(IDSIn<900+ﬂn+1)): b. b I R‘o b b b
_Vn+1xb Cosﬁm-l —1 Sine
2 2 b
RS+ X,
(16)

For simplification purpose, let;

A=(ac-bd)’ +(ad +bc)", B=2(ac-bd)(V,.)(-R,).
C=(V,,xR) ~(ad +bc), and X =sin 3, ,

Where
a= Real(\Tn')—Real((Rb + %), ) b= Imaginary(\Tn')— Real((Rb + ij)E)
,==X,, d=-R,
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From equations (15) and (16), sin ,Br'Hl (i.e. X) has two roots

and hence both the values are computed for | o. However, in
order to obtain the correct root, the boundary conditions in
equation (17) are applied.

. 15=0
Vn+l :Vn+1 = {ﬂD;qﬂ:ﬁn»fl (18)

Applying these boundaries in equations (15) and (16),
the angle of the DSTATCOM current ( £l ) can be obtained
as:

Zly =90+ 4., =90° +sin" x (19)

And the DSTATCOM’s current magnitude can also be
determined from equations (15) and (16) as shown in
equation(20).

an+l Cos ﬂrlwl —a

= : : (20)
—dsin g,,, —ccos j,

D
+1

To=1,21,=1,2(90°+A,.,) (1)

Therefore, the DSTATCOM’s current vector (magnitude and
angle) is computed by utilizing equations (19) and (20) as
presented in equation(21). | o is the DSTATCOM current that
must be injected at the required node of the IEEE 33 bus in
order to compensate for reactive power and decrease power
loss. As a result, the reactive power that the DSTATCOM can
inject into the 33 bus network at PCC is expressed in
equation(22);

. ' ' 0. W

IQp :(Vn+14ﬁn+1)('D4(90 +ﬂn+1)) (22)
Where * is the complex conjugate and Qg is the reactive
power the DSTATCOM can inject.

3.2 Forward/Backward
DSTATCOM Incorporation

To analyze the load flow in a distribution network
considering DSTATCOM with any number of iterations in the
forward sweep, the compensated node voltage magnitude can
be presumed to be any value [40]. A choice of 1pu initial
node voltage magnitude is used in this study. The
compensated node's phase angle, reactive power, and
DSTATCOM's size may now be computed using the
aforementioned equation(22). DSTATCOM's injected reactive
power and updated voltage are utilized to continue forward
sweep and determine the load currents throughout the
following backward sweep load flow. This step is continued
until the load flow converges [14], [39], [41], [42].

Sweep Load Flow and

3.2.1 Backward Sweep
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The load current in each of the 33 buses understudy is
determined in this stage as in equation (24) and the branch
current as in equation(25).

§n =\7nTLd (23)
_ P jQ
T =t Jela (24)
Vi
Tb,n+l = TLdn+l + ZTLdn (25)
n=1

Where P, and Q_, are the load demand (active and reactive
power) at the n" bus, n= bus number (1, 2, ....m), S, and
1., are the apparent power and load current, respectively.

To integrate the DSTATCOM at a particular bus, n+1 bus,
the requirement for reactive power at that bus is represented
as:

Lo, = Qu,. ~ o, (26)
Where Q3" is the reactive power requirement at bus n+1 and
Qo . is the DSTATCOM reactive power from equation(22).

n+1

3.2.2 Forward Sweep

Following the completion of backward sweep load flow,
the forward sweep algorithm is utilized to calculate the
voltages at each of the 33 buses as in equation(27).

\7n+l =\7n —Tb,n+l(Rb + ij )n+1 27)
A convergence criterion is executed after the completion

of backward/forward sweep in order to determine the voltage
mismatch at each bus as illustrated in equation (28) and(29).

AV = ‘abs (Vn“it ) —abs (Vn”“‘1 )‘ (28)

For AV,"™ <accuracy (29)

Where nit the number of iteration is, AV™ is the voltage

mismatch, and the accuracy is taken to be 10e®. The forward
and backward sweep process is made repetitive until the
convergence criterion is met.

=:4. PROPOSED HYBRID IMMUNE AND
GENETIC ALGORITHM

J. Holland discovered GA in the 1960s, and Goldberg further
described it [43]. GA is a random global search strategy that
addresses problems by mimicking natural evolutionary
processes [44]. When it comes to finding good solutions to
optimization problems, genetic algorithm is a popular
alternative. GA has been applied successfully to a number of
complex optimization problems on the process demonstrating
its superiority to conventional optimization approaches,
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particularly whenever the system under consideration has
several local optimum solutions. GA has the ability to avoid
being trapped at local optimal solution and can evaluate
candidates based on fitness score. However, GA computation
is slow, has computational complexity and does not explore all
the solution space of the problem.

On the other hand, Al is a collection of computational
systems that are focused on theoretical immunology, theories
and mechanisms, observed immune functions, and have been
used to solve a variety of complex optimization problems [45].
The immune systems' goals are to shield the body against
diseases caused by agents (pathogens) as well as to destroy
abnormal cells [45]. IA is fast, has less computational
complexity, and can explore all solution space of the problem.
However, IA can be terminated at local optimal values hence
resulting to premature convergence. Details of the use of IA
and GA for solving optimization problems in power system
are described in [14] and [46] respectively.

The proposed hybrid method was simulated using the
MATLAB environment for the problem formulated in Section
2. 1A and GA were hybridized in this research to complement
each other’s strengths and weaknesses stated above. IA
operators were employed to determine the size of the
DSTATCOM and GA operators used to ensure fitness of the
computed DSTATCOM size. Using Equations (23) to(29), a
base case load flow was performed using backward forward
sweep and the proposed method. The active power loss, as
well as the bus and voltages before and after DSTATCOM
insertion, were noted.

After a successful backward forward sweep load flow was
carried out, the DSTATCOM was placed into various buses
and the size was determined by the algorithm by utilizing
equations (13), (20), (21), and (22). The DSTATCOM is
incorporated into various buses (except busl) of the 33 buses
and in each case sized by the algorithm using different
iterations to determine the optimal location and size. The
process continues for all the buses until a convergence
criterion of the iteration is met. This was achieved by utilizing
equations (28) and(29). A detailed step by step procedure of
the proposed IA-GA is highlighted below:

Stepl: Read data from the IEEE-33 bus test system. This
includes active and reactive power, line resistance and line
reactance.

Step 2: Perform load flow analysis for the base case (load flow
analysis before placement and sizing of the DSTATCOM).
Step 3: Definition of parameters (define number of buses, bus
data, and all GA and IA parameters i.e., number of
populations, number of clones, number of tours, maximum
age, mutation rate, maximum iterations, and number of
functions to be evaluated).

Step 4: Initialization. Initialize the DSTATCOM position and
size, cost function, population and age, number of decisions.
Step 5: Evaluation of the cost based on equation (3), objective
function {equation(7)}, and position.
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Step 6: Apply IA to calculate the size of the DSTATCOM by
using mutation, tournament, ageing operators.

Step 7: Apply GA to determine the fitness of the Var size in
accordance with the objective function in equation (7) using
GA operators such as selection, crossover, and mutation).

Step 8: Attainment of the maximum number of iterations. If
maximum iteration is attained, then a load flow analysis is
performed with the DSTATCOM placed otherwise the process
starts again from step 5 and continues until the highest number
of iterations is attained.

Step 9: Steps 4 to 8 are repeated for all the number of buses
with the exception of bus one.

Step 10: Search for the best solution for all the allocations.
Step 11: Print results for optimal bus number, optimal
DSTATCOM size for all the three load conditions, power loss
for all the three load conditions, and voltages for each bus for
all the three load conditions and stop the search.

5. RESULTS AND DISCUSSION

This section presents and discusses the simulation results for
optimal DSTATCOM position and size, power loss reduction, and
enhancement of voltage profile. Cost-benefit analysis and
evaluation of the results obtained are also presented.

5.1 DSTATCOM Allocation and Voltage Profile

Table 3 shows the results for optimal bus number,
DSTATCOM optimal size as well as the yearly cost of the
optimally allocated DSTATCOM. The optimal location of the
DSTATCOM was found to be at bus seven (7) of the IEEE-33
bus RDN for all three load levels. This uniformity in the
DSTATCOM siting outcome for the three load levels was a
result of the uniform increase in the medium and peak load
levels by a factor of 1.3 and 1.6 of the light load level, as
illustrated in Table 1. The optimal size of the DSTATCOM
shows a steady increase as the load level increases from light,
medium to peak. The optimal DSTATCOM sizes for the light,
medium, and peak load levels were obtained as 1456.65kVAr,
1523.61kVAr, and 2005.36kVAr, respectively. Also, the
annual cost of DSTATCOM was obtained to be $5408.20 for
light load condition, $5656.83 for Medium load condition, and
$7445.45 for peak load condition

“Table 3: Results for optimal bus number, DSTATCOM
size and the yearly cost

Load Level Light ‘ Medium | Peak
Bus Number 7

DSTATCOM Capacity

(KVAD) 1456.65 | 1523.61 | 2005.36
Yearly Cost of

DSTATCOM ($) 5408.20 | 5656.83 | 7445.45

Figure 7 illustrates the power loss before and after
DSTATCOM allocation for the three different load levels
under study. B. Com means before compensation (i.e. before
installing the DSTATCOM) and A. Com means after
compensation (i.e. after DSTATCOM installation). For the
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light load condition, the power loss before compensation is
202.665kW while after the incorporation of the DSTATCOM,
the power loss was drastically reduced to 156.9488kW. This
indicates a 22.56% reduction in power loss as a result of the
DSTATCOM optimal allocation.

In the medium load scenario, the power loss before
DSTATCOM incorporation was 305.8144kW and then
reduces to 254.6037kW after incorporating the DSTATCOM.
The optimal installation of the DSTATCOM creates a 16.75%
power loss reduction impact.

During peak load condition, the power loss was
442.3904kW before compensation and 382.9452kW after
compensation. This indicates a 13.44% reduction in power
loss caused by the optimal DSTATCOM allocation.

250 442.3904

200 3829452
350 305.8144
300
254.6037
250
202.665

200 156.9488
150
100

50

0

Light Load Medium Load Peak Load

Active Power Loss (kW)

Load Level

mB.Comp mA.Comp

Fig. 7: Power Loss before and after DSTATCOM sizing and location

The voltage profiles for the three cases under study are
illustrated in figures 8, 9, and 10. For the light load condition,
the voltage profile is shown in figure 8. Without DSTATCOM
integration to the RDN, the minimum voltage was at bus 18 at
0.9131 p.u and the average voltage for this load condition was
observed to be 0.9485 p.u. Bus 18 is the farthest bus from the
AC source in the IEEE-33 bus topology, and so has the largest
potential for voltage drop. When the DSTATCOM is
optimally sized and connected to bus 7, the voltage profile was
greatly enhanced across all buses as evidently seen in figure 8.
The voltage rises from 0.9131 p.u to 0.9335 p.u in bus 18,
while the system's average voltage was 0.9604 p.u.

1
099
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0.97
0.96
095
0.94
S 093
u 092
@ 091
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Buse Numbers
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Fig. 11: oltage Profile for combined Light, Medium, and Peak Load
Conditions
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5.2 Cost-Benefit Analysis

Using Equation (11) and the results of Table 3 and Figure 7,
the cost of installing DSTATCOM and the financial benefit of
its installation is acquired and illustrated in Table 4. The
results show financial benefits for installing the DSTATCOM
at the light and medium load conditions and that it is most
economical to install one DSTATCOM during medium load
condition. However, installing one DSTATCOM at peak load
condition does not yield financial benefits. An annual total
cost saving of $8582.96 is made each year for up to the
30years life span of the DSTATCOM.

Table 4: Cost and financial benefit of DSTATCOM installation

Specifics Light | Medium | Peak Total

Energy loss
cost before
DSTATCOM

®)

24320.40 | 96517.55 | 39816.26 | 160654.21

Energy loss
cost after
DSTATCOM

®)

18795.61 | 80300.60 | 34464.56 | 133560.77

Yearly cost of
DSTATCOM

®)

5408.20 | 5656.83 7445.45 | 18510.48

Annual total

cost saving ($) 11659

10560.12 | -2093.75 | 8582.96

5.3 Comparisons and Performance Evaluation

Table 5 presents a comprehensive and succinct comparison of
DSTATCOM optimal location and size, power loss reduction
before and after DSTATCOM optimal placement, and average
voltage profile improvement before and after compensation.
This was achieved by using the findings of this research and
that of the existing methods in an IEEE-33 bus RDN. The
proposed approach reduces the power loss by 22.558% for
light load condition, 16.746% for medium load condition, and
13.437% for the peak load condition which is higher than the
percentage power loss reduction of 1A and PSO. Also, the
average voltage profile was improved in the proposed method
by 1.239%, 1.327%, and 1.775% for light, medium, and peak
load conditions respectively as opposed to an average voltage
profile improvement of 1.157%, 1.254%, and 1.618% for
light, medium, and peak load conditions respectively for IA
method. It is apparent from the findings that the proposed
technique performs better than IA and PSO in reducing power
loss and enhancing the voltage profile.
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# Table 5: Comparison of Performance between the proposed
method and previous approaches

Specifi 1A[14] Psol47]| Proposed Method
peCI e Light | Medium Peak Light Light Medium| Peak
_ 28
Ep“”?a' 12212 |12lad]| 7 | 7| 7
ocation 9
1oy | 1508
Optimal Size | 962. | 100 | o | 20 | 145 | 152 | 200
(KVar) 49 | 800 | “° | 1190 | 6.65 | 361 | 536
90
Egjfefiso‘; 202. | 305. 4212 193. | 202. | 305. | 442.
(o) 680 | 860 | "5 | 927 | 67 | 814 | 390
E‘;‘é"j;t'i-ofs 171. | 272. 4;)17 160. | 156. | 254. | 382.
(W) 810 | 040 | " | 270 | 949 | 604 | 945
% Power Loss 1gé9 124 Slf 210 | 225 | 167 | 134
Reduction % 32% % 0% | 58% | 46% | 37%
C‘éftr:geeB 094|093 09| _ |094]093]09
geb. 85 | 67 | 244 85 | 67 | 44
Comp (p.u)
fuerege  |oos |09 | 09| |09 | 094|094
geA. 96 | 86 | 396 04 | 93 | 11
Comp (p.u)
0,
\//"o'ﬁg’egage 115 | 1.25 1186 123|132 | 177
g % | 4% % | 7% | 5%
Improvement %

::6. CONCLUSION

A novel method based on a hybrid IA-GA for optimal
DSTATCOM sizing and placement with the aim of reducing
power loss and enhancing the voltage profile of RDN has been
presented. The suggested approach was evaluated with
three distinct load levels (light, medium, and peak loads) on an
IEEE 33-bus RDN. The optimal allocation of DSTATCOM in
a radial distribution system utilizing the proposed hybrid IA-
GA considerably decreases the total power loss and enhances
the voltage profile, according to the simulation results. The
simulation results further demonstrate that when compared to
existing approaches, the proposed method produces better
outcomes. Considering the exorbitant price of FACTS devices,
a cost-benefit analysis was provided and results showed a huge
overall annual cost saving when the DSTATCOM was
installed. Further studies could consider the use of two or more
DSTATCOM devices, especially at peak load condition.
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