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VA Loading Optimization of a Converter Using the
Rao Algorithm for Maximum Utilization of the
Unified Power Quality Conditioner
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ABSTRACT

In a modern power system, the unified power quality
conditioner (UPQC) is considered to be the most effective
device for mitigating power quality problems. The use
of the dynamic voltage restorer (DVR) for active-reactive
power-sharing reduces the loading on the UPQC in all
operating conditions, leading to better system efficiency
and reliability. The VA loading of the DVC can be
controlled by maintaining a proper angle between load
and source voltage. In this paper, Rao algorithms are
proposed to determine the optimal VA loading of the
UPQC using the variable phase angle control method.
The primary objective of this study is to determine
the optimum angle at which the VA loading of the
UPQC is minimum without negotiating the compensa-
tion capabilities. To illustrate the effectiveness of the
proposed methodology, the results are compared to those
for JAYA optimization. This research work will help
in the development of an efficient, instantaneous VA
loading-based control approach for the UPQC.

Keywords: JAYA Optimization, Power Electronic Con-
verter, Rao Algorithms, Steady State, Unified Power
Quality Conditioner, Voltage Sag

LIST OF SYMBOLS

Vg Rated source voltage during normal condi-
tions

Ig Rated source current during normal condi-
tions

I Source current during sag/swell conditions

Ipstarcom Per phase current injected by DSTATCOM

K Ratio between actual and rated source
voltages

Vi Rated load voltage

1 Rated load current
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Fig. 1: Block diagram of UPQC.
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1. INTRODUCTION

Non-linear loads and the integration of renewable
energy sources with the main grid using power electronic
converters (PEC) are the major sources of power quality
(PQ) issues in modern power systems. Unbalanced
voltages, voltage sag/swell, compensation of reactive
power, and harmonic currents are typical PQ issues.
These PQ problems interrupt critical loads, resulting
in significant financial losses and a low system power
factor (PF). Maintaining supply quality within specified
standards has become important for improving power
system performance [1]. An active power filter could be
a good option for alleviating these PQ issues. However, a
custom power device known as the unified power quality
compensator (UPQC), introduced by Fujita and Akagi
in 1998, is considered an optimal mitigation device for
critical and sensitive loads [2]. This device is used in the
distribution system for the simultaneous compensation
of voltage and current-related PQ problems.

As illustrated in Fig. 1, the UPQC comprises two PECs
linked end-to-end to a mutual DC-Link. PQ problems
related to voltage are compensated by a series-connected
PEC called a dynamic voltage restorer (DVR), whereas
the distributed STATCOM (DSTATCOM) compensates
the reactive power requirement along with current-
related PQ problems [3]. The effective and efficient
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control algorithm used for controlling UPQC improves
the performance of the UPQC. According to the recent
literature, the UPQC has been used effectively and effi-
ciently for the mitigation of PQ problems with different
compensation methods under active and reactive power
(4].

In the case of active power control (UPQC-P), the
compensating voltage is added in phase with the supply
current; hence for compensation, only active power is
required by the DVR. On the other hand, in reactive
power control (UPQC-Q), the compensating voltage
is added in quadrature with the supply current, and
therefore, only reactive power is absorbed by the DVR
for compensation. Although the VA loading on the
DVR is minimum in UPQC-Q compared to UPQC-P, due
to quadrature voltage injected by the DVR leading the
supply current, it cannot be used for the compensation
of voltage swell [5].

In the UPQC-S [6] and UPQC-VA_;, [7], the series
voltage is injected at a certain angle to the supply current;
thus, the DVR needs both active and reactive powers for
compensation. In this method of compensation, the DVR
is not only used for mitigating voltage sag/swell but also
to simultaneously compensate the load reactive power
with DSTATCOM. This enhances UPQC utilization, re-
sulting in an overall system cost savings and economi-
cally appealing. PAC-based control offers benefits such
as load reactive power-sharing between converters and
greater loss reduction compared to conventional control
(8].

To find a suitable angle for the DVR to inject voltage,
online/offline optimization techniques can be used. An
optimum angle is selected to control the DVR from a
pre-calculated 2-D lookup table in the case of offline
optimization methods [7]. To address the optimization
problem, many system parameters, such as load PF, load
current, and voltage sag, are considered, along with the
impact of total harmonic distortion in the supply current
and load voltage [9]. The particle swarm optimization
(PSO) technique is used to estimate the optimum power
angle 6 between the load and supply voltage. Based on
the phase angle control (PAC) approach, Ambati et al
suggested an algorithm to maximize the utilization of the
UPQC [10]. The optimum power angle § is calculated to
achieve the lowest VA rating of the UPQC to identify the
worst sag and swell conditions.

The optimal design based on a variable PAC using a
two-stage control algorithm is proposed by [11]. The
VA loading of the series transformer is determined by
the amount of injected voltage. On the other hand, the
transformer and PEC ratings will have an impact on
each other [12]. Based on the hierarchical optimization
concept, an optimal operation technique for the UPQC
under VA rating constraints is proposed in [13]. Based on
the priority of objectives, this multi-objective optimiza-
tion problem is converted into several single-objective
optimization problems.

Based on the literature, it can be determined that angle

Table 1: Algorithms and their specific parameters.

Algorithm Algorithm-specific parameters
Simulated annealing Initial annealing temperature and
(SA) cooling schedule

Genetic  algorithm Crossover and mutation probabili-
(GA) ties, and selection operator

Particle swarm opti- Inertia weight, social and cognitive
mization (PSO) parameters

Differential Crossover probability and differen-
evolution (DE) tial weight

Artificial bee colony Number of bees such as scouts, on-

(ABC) lookers, and employed and the limit
Non-dominated sort- Crossover probability, mutation
ing GA (NSGA-II) probability, and distribution index

6 is controlled for minimization of the VA loading in the
UPQC. It should also be noted that the optimization of
the VA loading of the UPQC has received less attention
thus far. In [14], the optimal utilization of the UPQC
in different operating conditions is presented using
Teaching-learning-based optimization (TLBO). Perfor-
mance analysis on the optimal utilization of the UPQC
using the JAYA algorithm is presented in [15, 16].

The major challenge in the field of engineering
optimization is to solve complex optimization problems
in the shortest possible time. Researchers have used nu-
merous innovative optimization methods that emphasize
the population size and the number of generations as
common control parameters [17]. In addition, regulating
the performance of most optimization algorithms re-
quires algorithm-specific control parameters along with
common controlling parameters [18]. Various algorithm-
specific parameters are listed in Table 1.

Improper tuning of algorithm-specific parameters
leads to an increase in greater computational effort and
poor performance of the algorithm. This problem of
algorithm tuning is overcome by introducing algorithm-
specific parameter-less techniques like the JAYA [18]
and Rao algorithms [19]. The best and worst solutions
obtained during the optimization process, as well as
random interactions among the candidate solutions,
are used to execute these techniques. The primary
contributions of this research paper are as follows:

o Appraising the VA loading of the UPQC under various
operating conditions such as voltage sag and steady
state using the Rao algorithms.

e Analyzing the optimization techniques using JAYA
and Rao algorithms to determine the optimal value of
angles 6 and K.

o Implementing optimization techniques using JAYA
and Rao algorithms for maximum utilization of the
UPQC by optimal VA loading of the PEC.

o Assessing the comparative results of the proposed
algorithm using the Rao and JAYA algorithms and
without optimization approaches.

So far, no work has been published on the implemen-
tation of Rao algorithms for optimum utilization of the
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UPQC. The authors of this paper find the optimal VA
loading of the UPQC using the optimum value of angles
6 and K. This study aims to find the optimum angle 6 for
different operating conditions under which the loading
of both PECs is optimal, and thus, UPQC utilization is
maximized. The Rao algorithms are used for the same
reason. The main objectives of this present study are as
follows:

o To implement Rao algorithms to find the optimal angle
6 for the corresponding value of K.

e To investigate the performance of the DVR and
DSTATCOM and hence the overall UPQC system un-
der different operating conditions without negotiating
any of its compensation proficiency.

o To investigate the performance of the various op-
timization methods using JAYA and Rao algorithms
for the optimal utilization of the UPQC based on VA
loadings.

The remainder of the paper is presented as follows:
Section 2 reports the problem formulation. Section 3
reveals the optimization methods used, such as the use
of JAYA and Rao algorithms. The workings of the
JAYA algorithm are explained in brief, along with the
step-by-step procedure and the pseudo code of Rao
algorithms. In Section 4, the implementation of the
Rao algorithms is explained for maximum utilization of
the UPQC. Section 5 presents the results and discussion
while Section 6 contains the concluding comments and
recommendations for future assessment.

2. PROBLEM FORMULATION

A phasor diagram explaining the workings of the
UPQC-VA,;, is presented in Fig. 2. The DVR injects
the series voltage V},,; at angle y to maintain the proper
angle 6 between the resultant load voltage V and V.
Similarly, during operation, a phase difference will occur
between I; and load current I; of angle & resulting
in a constant magnitude of the load current and PF
angle ¢. To find the optimal loading for the UPQC, the
mathematical model is applied from [10].

3. MATHEMATICAL MODELING OF THE UPQC-
VAmIN

The primary objective of the UPQC is to maintain a
constant load voltage, and to achieve this V;,; is added
with an instantaneous Vg at angle y. Another function
of the UPQC is to maintain PF unity at the source side,
and for that DSTATCOM provides load reactive power.
During compensation, DSTATCOM supplies the load
reactive power as well as the active power required by
the DVR. The magnitude of voltage injected by the DVR,

Vinj(5s K) = \/(VL cos 6 — KVS)2 + (Vy sin 8?2 (1)

where V; and Vg are the load and source voltage,
respectively.

Vi

VL cos 5 V's=kVs

Fig. 2: Phasor diagram of the UPQC-VA,,;,.

VA loading of the DVR,

51(5’ K) = \/(Pl(67 K))2 + (Ql(57 K))2 (2)

where S| is the VA loading in kVA, P, is the active power
in kW and Q) is the reactive power in kVAR delivered by
the DVR.

The loading of the series transformer,

K=Kax IS
X —_—
K=Kpin K

der trans(é’ K) = max of [Vinj] (3)
where Sy, ;yans is the VA loading of the series trans-
former in kVA, K ;, is the worst voltage sag and K,
is the worst voltage swell condition. Ig is the source
current in A.

The VA loading of the DSTATCOM is given by

S5(8,K) = \/ (P56, K))* + (0206, K))°  (4)

where S, is the VA loading in kVA of the DSTATCOM,
P, and Q, are the active power (kW) and reactive power
(kVAR) delivered by DSTATCOM, respectively.

In any operating condition, the VA loading of the
UPQC, as a function of é is given by

where Sy poc is the VA loading (kVA) of the UPQC.

3.1 Objective Function and Constraints

The main objective of this research is to find the
optimal value of 6 for the corresponding operating
condition for which the VA loading of the UPQC will
be minimum. The objective function is formulated as
follows,
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Subjected to inequality constraints,
S1(6, K) < kVA rating of DVR, (7)
S,(5, K) < kVA rating of DSTATCOM, (8)

Inj(6 K) <V, inj Max (9)

The Vinj M ax
45° in Eq. (1).
This optimization problem is subject to the following

design variable constraints,

is calculated by putting K = and 6 =

mdx

(10)
06<K <11 (11)

4. OPTIMIZATION METHODS

In 2016, R. Venkata Rao invented the JAYA algo-
rithm, a swarm intelligence-based heuristic method for
addressing constrained and unconstrained optimization
problems [18]. He proposed three similar algorithms to
the JAYA in 2020, known as Rao algorithms [19]. They
are known as the Rao-1 algorithm, Rao-2 algorithm, and
Rao-3 algorithm.

4.1 JAYA Algorithm

The JAYA algorithm improves the objective function
of each solution to achieve the optimal solution by
updating the values of the design variables. For the
next generation, only updated solutions with a better
objective function value are evaluated. ~With each
iteration of the JAYA algorithm, a solution becomes
closer to the optimal and moves away from the worst
solution. As a result, the search process is effectively
accelerated and diversified. In the JAYA algorithm, the
initial population x is randomly generated in the search
space bounded by the lower and upper limits of the
design variables. Fach design variable of every solution
is then stochastically modified as follows:

i+l _ i i i
) =X P = X 1) = 1 () = 1) 1)
(12

where i, j, and k are the indices of the iteration, variable,

and candidate solution. r’lj and r’ are random numbers

in the range of [0, 1] operatmg as scahng factors and

ensuring good diversification. x' 7 best and x*, ' worst are the

best and worst solutions among the current population.

Jj best j worst ™

4.2 Rao Algorithms

In similarity to the JAYA algorithm, the Rao al-
gorithms track the entire population in search of the
optimal solution, determined by the best and worst case.
Although the flow of the three Rao algorithms is similar,
each movement equation is distinct. Fig. 3 shows the
pseudocode for the Rao algorithms. The step-by-step
procedure is given as follows.

Step 1: Define the algorithm parameters, such as pop-
ulation size (n); number of design variables (m) and
their lower (LB), and upper (UB) limits; and termination
criterion.

Step 2: Begin with the random population x in the design
space, defined by the candidate solution and design
variable.

xj.k = x;.”"" + (x;."”x - x;""”) X rand(k, j) (13)
where x™" and x7** are the minimum and maximum

values of the population. ‘
Step 3: Calculate the objective function f]’. , correspond-
ing to x! ik

Step 4: Determme the x’ ' best 35 best and x’ as worst
j worst

solution in the initial candldate population.

Step 5: Update the initial population of the j* variable

according to the algorithm used as follows:

For Rao-1 algorithm

t+1 i
/k - +r ( /best jworsr)

where rj. is a uniformly distributed random number in
the range [0, 1].
For Rao-2 algorithm

(14)

i+1 i i
xjk _x +I” <ijesl_xjworst)

—r (lx orx;ll—lx;lorx;“) (15)

For Rao-3 algorithm

i+l _ i
xjk X +r ( ]best l xjworst |>
i i
r; <| Xk or x* 1T | l or x]k) (16)
where r’ij and rg. are uniformly distributed random

numbers in the range [0, 1].

The third term in the equation for the Rao-2 and Rao-3

algorithms shows that the candidate solution k can be
compared to any randomly chosen candidate solution /,
with the exchange of information depending on their
fitness values. The value of a k™ or /"M candidate is
determined by their fitness value.
Step 6: Check the boundary limits and calculate the
updated objective function f i+l corresponding to xfrkl
Step 7: Update the best solutlon in each subpopulation
group using the following equation:

1ff’Jrl < f}k, then xj. = x’+1 andf = fj’JIr(1 (17)
Step 8: Report the best optimum solution and terminate
the algorithm according to the termination criteria.

Otherwise, go to step 3.

k—

5. IMPLEMENTATION OF RAO ALGORITHMS

For optimum VA loading of converters, the system of
the balanced harmonic free inductive load of 10kW +
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Input: n-Population size or number of candidates
m- Number of design variables
Z- Maximum number of iterations
X — Population
Output: fz.,— Best solution of fitness function
Jworse— Worst solution of fitness function

xj,,m, — Best candidate of fitness function

i

X — Worst candidate of fitness function

Jjworst

Start

1: for k=1: ndo (i.e., population size)
2:  for j=1:mdo (i.., design variables)

Initialize population (xj.k )

end
end

and x°

jworst

i
Evaluate xj,,

( Based on the solution of the fitness function)
3: set i =1 (Initialize iteration number)
while maximum number of iterations (Z) is not meet
4: for k=1: ndo (i.e., population size)
5:  forj=I1:mdo (i.e., design variables)
set 7;; = a random number from [0,1]
set rzi_,. = a random number from [0,1]

update using Eq. (14) for Rao-1 algorithm, Eq. (15) for Rao-2 algorithm and Eq.

(16) for Rao-3 algorithm
end

i+l

i+l

i _
Xje = X
set il
i _ g
f jk = f jk
else
il i
Xy Sy
set " )
il _ g
1=
end
end
set i=i+1
’ i i
update Xipest and X iworst

7: end while termination criterion satisfied

end

6: if solution f;" better than f, (Based on the solution of the fitness function)

Fig. 3: Pseudocode for the Rao algorithm.

Jj10kVAR supplied by a three-phase 400V, 50 Hz supply
is considered (Table 2).

The UPQC is used in the system to maintain PF
unity at the source side and compensate for voltage
sag/swell of 40% magnitude. The step-by-step procedure
for implementing Rao algorithms and determining the
optimum VA loading is given below. Fig. 4 shows the
flow chart for the same conditions.

Step 1: Enter the system data as per Table 2.
Step 2: Initialize the JAYA and Rao algorithms as per
Table 3.

Step 3: Initialize the design variable power angle 6 and
the ratio between the actual source and rated source
voltages K.

Step 4: Evaluate the UPQC parameters from Egs. (1) to
(5).

Step 5: Implement the Rao algorithms as per the step-by-
step procedure given in Section 3 to find optimal values
of the design variables.

Step 6: Compare the results of all optimization algorithms
and complete the process.
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START

Enter the system data Q, .,
PLoadeLoadv VSource as per Table 2

!

per Table 3 and design variables
dandK

enerate initial population as per

Calculate the objective function for
each design variable

!

Determine the best and worst
solution in the initial population

( Initialization of algorithms as
r

(" Evaluate UPQC parameters from
mathematical model in section 2
\_ for each design variable

(~ Update the initial population as per
Eq.(14) to Eq.(16) and update the
\_objective function

P A WA 2 [ A D S

Is the fitness value
corresponding to x is
better than

YES,

Accept and
replace the
previous solution,

corresponding to x*' i

NO
Keep the
previous
solution

YES,

Are the termination
criteria satisfied ?

[ Calculate the power saving J

with optimization technique

Fig. 4: Flow chart depicting the implementation procedure for the Rao algorithm for maximum utilization of the UPQC

by optimal VA loading of the PECs.

6. RESULTS AND DISCUSSION

The proposed optimization algorithms are written in
the MATLAB environment. Tables 2 and 3 list the
system and algorithm controlling parameters used for
simulation, respectively.

6.1 VA Loading of the UPQC without Optimization

Table 4 shows the VA loading of the UPQC without
optimization. In the UPQC-P approach, the burden
on DSTATCOM is found to be more than the DVR,
irrespective of the operating condition causing the VA
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Table 2: System parameters.

System Parameter ‘ Quantity
Load 10kW + j10kVAR
Load and source Voltage 400V
Voltage sag condition (K) 0.6-0.9pu
Steady state condition (K) 0.9-1.1pu

VA rating of the DVR [10] 2490 VA

VA rating of DSTATCOM [10] 2907 VA

Table 3: Optimization algorithm parameters.

Parameter ‘ Notation ‘ Value
Number of design variables m 2
Population size n 50
Maximum number of iterations z 50
Random for JAYA, Rao-2 and

Rao-3 algorithm "2 [0, 1]
Random for Rao-1 algorithm r [0, 1]

Table 4: VA loading of converters without optimization.

K Angle Vinj VA Loading/Phase (VA)
(pu) (5) (v) | DVR [ DSTATCOM [ UPQC
0.6 0 93 2223 4007 6230
UPQC-P
1 0 0 0 3334 3334
0.6 38° 148 3577 1048 4625
UPQC-VA,;,
1 0 0 0 3334 3334
Table 5: VA loading of converters with optimization.
K Angle Vinj VA Loading/Phase (VA)
(pu) 6) V) DVR ‘ Transformer ‘ DSTATCOM ‘ UPQC
Voltage Sag
JAYA 0.900 27.500 106.680 1710.850 2013.620 1623.860 3334.720
Rao-1 | 0.900 | 25800 | 100.500 | 1612.000 1958.800 1721.400 3333.334
Rao-2 0.900 25.100 98.000 1571.240 1936.280 1762.340 3333.580
Rao-3 0.925 21.680 85.280 1330.750 1783.000 2002.720 3333.485
Steady State
JAYA | 0941 | 23370 91.760 1407.500 1546.000 1930.000 3337.500
Rao-1 | 0963 | 15.700 62.500 936.660 1050.340 2396.680 3333.340
Rao-2 0.964 15.310 61.000 913.000 1026.200 2420.220 3333.220
Rao-3 | 0961 | 15.980 63.600 955.000 1070.000 2378.140 3333.140
loading of the UPQC system to increase. The VA  that during voltage sag, the DVR burden is reduced

loading of the UPQC is minimum at different angles 6
in the UPQC-VA,;, approach. During the steady state
condition, the DVR remains ideal (6 0°) for both
approaches, and the load reactive power is shared by
DSTATCOM (3334 VA).

6.2 VA Loading of the UPQC with Optimization

The per phase VA loading of UPQC with various op-
timization algorithms such as JAYA and Rao algorithms
during voltage sag and steady state are given in Table 5.
According to the output findings, the optimal angle 6
differs according to the values of K for each run of the
algorithm. After multiple runs of the algorithm, it can
be observed that inequality constraints maintain the VA
loading of DVR and DSTATCOM and thus the UPQC
within their VA rating.

In the optimization approaches, the VA loading of
both PECs and series transformer is found to reduce
considerably. From Tables 4 and 5, it can be concluded

considerably compared to the UPQC-P and UPQC-VA_;,
due to optimization.

The following subsections provide a detailed analysis
of the VA loading for the UPQC using optimization
techniques. The robustness and efficacy of the proposed
optimization algorithms are investigated for statistical
analysis indices such as best (Best), worst (Worst),
minimum (F,;,), mean (F),.,,) values, standard deviation
(SD), and computation time. The output results from
the statistical analysis of JAYA and Rao algorithms are
presented in Tables 6 and 7.

6.3 Voltage Sag (0.6—0.9 pu)

From the output results presented in Table 5, it can be
observed that the VA loading of the UPQC is minimum
for the Rao-1 (3333.334 VA) algorithm compared to the
other algorithms. However, the optimal angle 6 (21.68°)
for the Rao-3 algorithm is small, and hence less voltage
(85.28V) is required to compensate for voltage sag,



Table 6: Statistical parameters of different algorithms
during steady state.

‘ Foin ‘ Fean ‘ Best ‘ Worst
Voltage Sag
JAYA 3333.549 | 3334.168 | 3333.549 | 4023.568
Rao-1 | 3333.334 | 3334.838 | 3333.334 | 3335.879
Rao-2 | 3333.580 | 3334.038 | 3333.580 | 3334.780
Rao-3 | 3333.333 | 3333.374 | 3333.333 | 3334.282
Steady State
JAYA 3333.530 | 3417.000 | 3333.530 | 3498.000
Rao-1 3333.333 | 3333.335 3333.333 3333.363
Rao-2 | 3333.333 | 3333.337 | 3333.333 | 3333.395
Rao-3 | 3333.333 | 3333.339 | 3333.333 | 3333.354
#DVR wDSTATCOM uS.Trans
W
=
=
B
g
=
-
2
-«
»
0,“‘3

(a) VA loading of the PECs and series transformer
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Table 7: Standard deviation and computation time of
different algorithms.

| JAYA | Rao-l | Rao2 | Rao3
Voltage Sag
SD 0.111372 0.107517 1.634500 0.003259
Comp. time (s) 13.476536 4.497252 5.787640 3.272131
Steady State
SD 18.533300 0.001083 0.001167 0.000783
Comp. time (s) 13.241192 6.001867 6.662119 5.093281
EDVR = DSTATCOM
90
80
L]
=2
& 60
L
(-]
g 50
E 40
5 30
g n
10
0
JAYA Rao-1 Rao-2 Rao-3

(b) Percentage utilization of the PECs

Fig. 5: Voltage sag condition.

resulting in a reduction in the VA loading of the series
transformer (1783 VA). In optimization approaches, reac-
tive power is utilized for compensation, and therefore,
the series transformer receives a higher load than the
DVR (see Fig. 5(a)). Although the loading of the series
transformer is minimum in the Rao-3 algorithm, it is
around 33% higher than the DVR, which in turn is higher
than the Rao-1 and Rao-2 algorithms.

From Fig. 5(b), it can be clearly observed that in the
case of the JAYA algorithm, the DVR is loaded at around
78% and DSTATCOM near to 40% of their rated capacity.
However, in the Rao-3 approach, the DVR is loaded
near to 53.45% and DSTATCOM to 68.88% of their rated
capacity. Whereas, in the Rao-2, both PECs are loaded
near to 60% of their rated capacity.

According to the statistical analyses presented in
Tables 6 and 7, it can be concluded that the best, worst,
minimum, and average values for the Rao-3 are quite near
to each other, resulting in small SD values (0.003259).
Furthermore, very little computation time is required for
the Rao-3 compared to other algorithms. The value of SD
confirms the robustness of the Rao-3 algorithm and its
ability to find the best solution in every run.

6.4 Steady State Condition (0.9-1.1 pu)

The optimal values of the UPQC parameters are
presented in Table 5. According to the output results, the
VA loading of the UPQC is minimum (3333.14 VA) for the
Rao-3 approach in comparison to others.

From Fig. 6(a), it can be clearly observed that with
optimization, some part of the load reactive power is
shared by the DVR, thereby reducing the burden on
DSTATCOM considerably. It can be observed that in the
JAYA algorithm (1407.5 VA), the DVR shares more power
compared to the Rao-3 algorithm (955 VA). Although the
optimal angle 6 (15.31°) and series-injected voltage (61 V)
are the smallest for the Rao-2 algorithm, in the Rao-3
algorithm, the VA loading of the series transformer is
minimum (12% more than the VA loading of DVR).

Fig. 6(b) shows that in the case of Rao algorithms,
DSTATCOM is loaded at near to 80% of the rated capacity
and the DVR near to 40%. The best, worst, minimum,
and average values for the Rao-3 are almost the same,
resulting in small SD values (0.000783) and minimum
computation time (3.272131s) (Tables 6 and 7). The
robustness of the Rao algorithm and its ability to discover
the optimum solution in every run is confirmed by the SD
value and computation time.
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Fig. 7: Convergence characteristics of Rao algorithms.

It is well known that the efficiency of the PEC is
highest and almost constant for loads ranging from
30-75% of the rated capacity. From Figs. 5(b) and 6(b),
it can be observed that with the optimization approach,
both PECs are loaded within their higher efficiency
region. Although all static devices, such as PECs and
series transformers, are included in the UPQC system,
the high switching frequency of the PECs causes more
losses than a series transformer. As a result, the power
losses occurring in both PECs determine the efficiency of
the UPQC system. With optimization, since both PECs
are loaded with the optimum value, the efficiency of the
UPQC system increases.

The convergence graphs (Fig. 7) show the outstanding
convergence property of the Rao-3 compared to other
algorithms for solving the optimal VA loading of the
UPQC problem. According to the output results, the
Rao algorithm outperforms the JAYA algorithm because
it moves the population in the search space based on
the mutual interaction between the population and the
worst, best, and randomly picked solutions. These algo-
rithms have various features when it comes to exploring

and exploiting the search process. Furthermore, since
Rao algorithms take less time to perform, they are found
to be computationally economical. They can be used to
solve small as well as large-scale optimization problems.

7. CONCLUSION

In this paper, a novel algorithm based on the Rao
algorithms is presented to find the best angle § and K
values for maximum utilization of the UPQC. The results
for the proposed algorithm are compared to those of the
JAYA algorithm to demonstrate its effectiveness.

Based on the output results, the Rao-3 algorithm
performs better than the others. If both PECs are used
to their full potential power loss, manufacturing costs
will be reduced. This makes the UPQC system attractive
from the financial perspective, as well as providing an
effective solution for PQ problem mitigation and DG grid
integration in clean and green energy. As an outcome
of this work, researchers will be able to create a control
strategy for the UPQC based on optimum instantaneous
VA loading to enhance efficiency.
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