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In this paper, improvement of power quality (PQ) in a distribution system
using a PV-series active power filter (PV-SAPF) investigated. The
performance of the proposed filter is increased using an enhanced Jaya
optimized proportional integral (Pl) with indirect current controller (ICC)
technique system. In existing Jaya optimization technique best and worst
cases were obtained from the whole solutions which degrades the output of
the PI controller results more iteration. In case of enhanced Jaya, the proposed
one, population from best to worst is shorted first and divide them as two
groups best and worst solutions. The best solution is chosen from the best
solution group as “Best,” and the best solution from the worst solution group
is chosen as “Worst”. This procedure decreases the number of iterations
needed to reach the optimal solution. The effectiveness of the enhanced Jaya
optimization and ICC developed controller is implemented in the proposed
PV-SAPF. To proof its effectiveness different types of loads are taken as case
study. MATLAB/Simulink platform is used to do the above research work.
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NOMENCLATURE

R : Source resistance of system Ism : Peak current

Lg : Source inductance of system U, Up, U, :Unittemplates

R¢ : Resistance between inverter and grid  i3,,i5,,i5. : Reference currents

Le > Inductance between inverter and grid L, U, : Lower bound, upper bound
iarbips e : Load currents ky, ki : Proportional, integral gain

Lsam> Lipm, Isem - Re@l components ], MSE : Optimization, mean square error

1. INTRODUCTION

The growing utilization of non-symmetric based loads in distribution network leads to a significant
rise in various voltage and current related power quality issues increases concerns within the research
community [1]-[5]. Consequently, there is a need to develop different types of power quality conditioners to
address these issues. Among the various power quality conditioners, active power filter topologies with
different configurations have been used for solving the power quality problems. The growing demand for
electricity in the recent age invites more and more renewable energy sources integration with the distribution
network to fulfill the demand and maintain system stability [6]-[9]. However, the intermittent nature of
renewable energy sources is a major concern when dealing with power quality and other issues [6]-[9]. Various
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grid-connected photovoltaic (PV) system topologies have been presented and explored [6]-[12], accompanied
by active filtering solutions aimed at preserving the quality of current in the supply system. While PV grid
integration offers significant advantages over conventional systems, the presence of non-linear loads
introducing voltage fluctuations in the system is also a major problem. So, it is important to design the filter
with a proper controller in such a manner as to achieve enhanced power quality.

Traditionally, active power filters have relied on different controller includes synchronous reference
theory, indirect current (ICC), sliding mode and unit vector template generation for generating reference signals
which are treated as one of the most important parameters for the switching action of the filter [12]-[20]. While
these techniques have been effective in generating reference signals and regulating voltage, achieving optimal
performance often requires the integration of conventional proportional-integral (PI) controllers [16], [17].
However, PI controllers inherently possess limitations, notably non-zero steady-state errors, particularly in
dynamic conditions. To address these limitations, researchers have turned to conventional optimization
techniques [21]-[28]. These include genetic algorithms (GA), which mimic the process of natural selection to
iteratively improve solutions, particle swarm optimization (PSO) [17], depends on the collective behavior of
organisms like birds flocking or fish schooling, and differential evolution (DE), which optimize a problem by
maintaining a population of candidate solutions and iteratively applying mutation, crossover, and selection
operations. Despite their potential, these optimization techniques require careful tuning of parameters such as
population size, mutation rates, and crossover probabilities, which can be challenging and computationally
intensive. Additionally, each algorithm may have specific parameters, further complicating the optimization
process. Furthermore, the convergence rate of these conventional optimization techniques can vary, leading to
longer optimization times, and increased computational resources. Hence, while effective, conventional
optimization techniques may not always provide optimal solutions within acceptable timeframes.

Real-world constraints, such as hardware limitations, cost considerations, and environmental factors,
further complicate the optimization process, necessitating the consideration of trade-offs between computational
complexity and solution quality. Moreover, the advent of multi-objective optimization highlights the need to
balance conflicting objectives, such as minimizing both cost, and energy consumption. Researchers are exploring
adaptive optimization techniques that can dynamically adjust their parameters or algorithms based on changing
conditions, as well as hybrid optimization approaches that combine multiple techniques to leverage their
respective strengths and mitigate their weaknesses. Additionally, addressing uncertainty in optimization
problems, such as uncertain system parameters or environmental disturbances, remains a significant challenge,
with robust optimization techniques offering potential solutions. Despite these challenges, ongoing research aims
to enhance optimization strategies, ultimately improving the performance of active power filter systems. Jaya
optimization algorithm [6], [7], [14] possess an improved solution as it depends on the various controlling
parameter, but this dependability increases the number of iterations to obtained the best and worst cases from the
whole solution. To overcome the issue, an enhanced Jaya optimization scheme is proposed by the authors, in this
scheme, first population from best to worst is shorted and two groups are formed as "Best" and "Worst", "Best"
is the best solution from the best solution group and similarly "Worst “is the result of best solution from the worst
solution group, this modification decreases the number of iteration to obtained the optimal solution.

From the introduction, it is noticed that the implementation of the Jaya optimization algorithm has
been carried out in many problems, including electrical engineering, as well as for improving the performance
of different types of controllers. Particularly in power quality problems, it has also been implemented in many
papers. We have modified Jaya and implemented it in a PV-SAPF. Although Jaya implementation has been
done in many works, the performance of modified Jaya along with indirect current control technique has not
been investigated so far. We have implemented it in this work.

The new finding is the development of the modified Jaya algorithm along with the indirect current
control technique and its implementation in the controller part of the proposed PV-SAPF to improve the
filtering capacity of harmonics which develops due to the nonlinearity nature of load and results in better
quality of power. The entire contribution of the work is listed: i) Modification of the existing Jaya, its
implementation with Pl and ICC to generate the reference sigma; ii) Development of the PV-SAPF; iii) Proper
implementation of all the developed controller in PV-SAPF; and iv) Performance evaluation with various loads
as case study to the distribution system. The structure of the paper are: i) Section 1 introduction and it includes
the literature review, problem formulation, and main contributions by the authors; ii) A detailed description of
the proposed methodology, including the PV-based series filter, is presented in section 2; iii) The methods
possess the controller is discussed in section 3; iv) Section 4, complete description of the simulation results
and its analysis is presented; and v) Last, section 5 overall conclusions of the work is presented.
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2. PROPOSED METODOLOGY

Power quality improvement using different methodologies in the distribution sector is discussed in
the introduction section. Different types of work in this area with the development of various power
conditioners equipment has been studied and performance also investigated, for better results more findings
are required and still scope is there to design and develop new device to enhance the power quality
performance. Keeping this in mind, a PV-SAPF is developed and its performance is analyzed with different
methods involving control techniques to control and regulate various parameters.

The schematic PV-SAPF with the system shown in Figure 1. PV array, utility grid loads are connected
through the SAPF, the output of the SAPF is fed to the point of common coupling, SAPF consists of a three-
phase voltage source converter which acts as the filters and a converter transformer. Load consists of rectifier
along with resistive-inductive, resistive-capacitive and resistive-inductive-capacitive are connected to system
to investigate the performance. Voltage related problem is intentionally developed in the system and injecting
voltage signal of the filter is analyzed, source resistance and inductance values are represented as Rg,Lgw
respectively, resistances and inductances connected in-between inverter to grid represented as Ry, Ly, the direct
current (DC) link capacitor is represented as the parameters in the designed problem are mentioned in Table 1.
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Figure 1. Propose PV fed series active power filter

Table 1. Parameters and its values

Sl.no Parameter Values
1 Grid capacity voltage 600 Volt
2 Frequency 50 Hz
3 DC bus capacitor 3000 pF
4 Grid side inductance 2.5 mH
5 Inverter side inductance 3mH
6 Load resistance, inductance, and capacitance 300 Q, 0.2 mH, 55 pF

3. PROPOSED METHOD-CONTROLLER IN PV-SAPF

PV-SAPF performance mainly depends on the controller and how the implementation of the controller
is carried out, effective implementation is able to develop the accurate generation of the signal and proper
tuning of various parameters which are the most important requirements apart from other necessary conditions.
Modified Jaya with PI, indirect current control techniques or ICCT are used to generate the reference signal
and compared with the actual signal, error signal fed to hysteresis controller to obtain the pulses of the PV-
SAPF. The details procedure to obtain the error signal with the proposed controller is described in details in
the below steps along with the mathematical analysis.

3.1. Indirect current control techniques (ICCT)

Indirect current controller techniques [16] is used along with other described above techniques to
developed the accurate reference source current, in this technique, real component is extracted from the
fundamental component. The mathematical equations are formulated by taking the load signal which constitute
fundamental and harmonics in each phase from (1)-(3).
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iLa = ILa] Sin(wt - (pal) + Z;?:Z ILan Sin(nwt_q)an) (1)
ity = Iprsin(wt — @) + Y=z Iipn Sin(nwt_q)bn) @
.= ILc1Sin(wt - (Pc1) + Zi:z Lien Sil’l(?’l(l)t'(Pcn) (3)

Obtained real component are as (4)-(6).

Igm = |1La1|COS(P1 4
Isbm = |1Lb1|COS(P1 (5)
Isem = |ILC1|COS(P1 (6)

When the system is on operation the switching action of the filter results reduction of DC link voltage
due to some amount of internal power loss and also deviation of voltage can be noticed due to same losses in
the filter and instant variation of the load. To maintain the stability of the system and other proper work, it is
essential and necessary to maintain constant voltage at DC link during the operation of the system. The DC
link voltage at every instant is continuously monitored with the help of sensors and compared to the reference,
the error generates is fed to Pl and finally the output from Pl is added with the amplitude of the source current
and utilize for compensations. Peak current for a balanced system is represented in (7).

Isam+IS m+15cm
Ly = (+) + I (7)
To obtain ideal compensation, it is better to consider the reference signal as pure signal of magnitude I,,,, and
in phase with the grid voltage, multiplication of the calculated peak magnitude and unit template results the
required reference, it is represented in (8)-(10).

it = LUy = Lysin(ot — 120) )
ir. = I U, = I, sin(ot + 120°) (10)

Once the generation of the reference source current is over, for more accuracy reference filter signal is
generated and it is compared with the actual filter current, based on the requirement the switching action is
carried out using the hysteresis current controller.

3.2. Enhanced JAY A optimization technique
Jaya algorithm used in various area as it has possess large solution space to reach the optimal solution
in a define problem, the capability of solving both constrained and unconstrained optimization problems with

Jaya is effectively investigated [6], [7], [14], repeatedly modification of population of individual solution is

one of the important criteria in this algorithm and it is also consider as a gradient-free algorithm for optimization

problem, the variables of the lower bound L, and upper bound U, are considered as the objective function,
setting of the termination criteria after defining search space is one of the required condition satisfies stopping
execution of the algorithm. The next step is the initialization of the population or the develop of random
solutions within specified range of variables in a define problem, for accuracy, updating population at every
iteration using different strategy is important aspect in the algorithm. it is usually noticed the algorithm always
try to keep good solution and try to out inferior solution. Traditional algorithms use both algorithm specific
control parameter and control parameters like inertia weight in case of PSO, number of onlooker and employed
bees in case of ant colony bee algorithm. but Jaya excluded from algorithm specific but more focus is on control
parameters like population size. it is economical and it also gives suitable platform for discrete optimization.

Another important characteristic is the fast response Here we are using Jaya optimization algorithm to

determine suitable values for proportional gaink,, and Integral gain k; for Pl controller.

The detailed steps of modified. Jaya implementation in the proposed system are presented as:

- Step 1: Formulation of the objective function f(x), initialization of population size, design variables, limits
of upper and lower design variables and the termination criterion. Parameter representation: p =
1,23, ...n,d =123,.m..U,. L, k=i=123,K

- Step 2: Generation of random population, taking the population size and design variables in to consideration
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- Step 3: Identification of best and worst solutions in the population
- Step 4: Modification of the solution based on the best and worst solutions
- Step 5: Comparative analysis of the present value with the previous iteration value, updating is carried out
at the end of i iteration based on fitness
- Step 6: Repeat steps 3, 4, and 5 until the termination criteria is reached
Asiitis discussed, in modified Jaya, an enhanced Jaya optimization scheme is proposed by the authors,
in this scheme, first population from best to worst is shorted and two groups are formed as "Best" and "Worst",
"Best" is the best solution from the best solution group and similarly "Worst" is the result of best solution from
the worst solution group, this modification decreases the number of iteration to obtained the optimal solution.
The mean square error (MSE) in [5] is used in this paper as the objective function ‘J’ for the specific
optimization problem, as in (11). The error signal is presented in (12). Figure 2(a) is shown Jaya algorithm and
modified Jaya is presented in Figure 2(b).

J =MSE = ¥;5 e} (11)
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Figure 2. Flowchart of optimization: (a) Jaya algorithm and (b) modified Jaya algorithm
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3.3. Hysteresis current control (HCC) technique

To achieve proper and better switching action of the inverters, HCC [9], [18] is employed in this work.
The error obtained from reference filter current and actual filter current signal is fed to the HCC, as the
switching frequency is not constant throughout the power frequency cycle; it keeps changing in time with the
operating point. Regulation of the switching pattern of the active filter for the required output is accomplished
by the hysteresis band. This control technique is chosen for switching action due to its advantages of quick
controllability and simple implementation. The complete controller block diagram is presented in Figure 3(a),
along with the HCC in Figure 3(b).

To ensure proper and accurate operation of the series active filter, the above-mentioned controllers
work jointly as described in their respective sections. Figure 3(a) shows the block diagram of the controller
which provides an idea: after tuning and optimizing PI controller gains, it generates a current signal combining
the fundamental real component to produce maximum source current. This signal is further combined with the
output of the unit vector (UV) template generation to yield the reference source signal, which is then used to
generate the reference filter current. The advantages of the enhanced Jaya-optimized PV-fed series active filter
include requiring a lower rating of voltage source inverter, which can operate with DC link voltage of low
value. Additionally, it exhibits a faster convergence rate to achieve global optimum. Furthermore, this method
improves the current compensating capacity in various disturbances that often arise in a distribution system.
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Figure 3. Proposed controller: (a) controller block diagram and (b) hysteresis current controller

4. RESULT AND DISCUSSION

The fruitfulness of controller with the proposed system is verified by connecting various types of
loads to the system. Rectifiers with load R-L, load R-C, and load R-L-C configurations are connected. The
total-harmonic-distortion (THD) is recorded both without and with optimization [14]. The various parameters
of the algorithm modified. Jaya are taken from, and a comparative analysis without and with modified
optimization techniques is presented. In each case, THD analysis is conducted and presented.

4.1. PV-series active power (PV-SAF) filter without optimization-rectifier with load R-L

In this case, input source is connected to resistive and inductive (R-L) load and the output of the PV-
SAF is verified. After compensation the DC link voltage, load voltage, injected voltage, and grid voltage are
presented in Figures 4(a)-4(d). THD analysis of grid voltage after compensation is presented in Figure 5. From
its analysis, it is found that after filtration still harmonics components are present which 7.04% of the
fundamental component is. After compensation, the FFT analysis of grid voltage is presented in Figure 5. It is
observed after filtration, still harmonics components are present which 7.04% of the fundamental component,
THD in each of the harmonics present in Table 2.
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Figure 4. PV-SAPF without optimization—rectifier with load R-L: (a) capacitor voltage, (b) load voltage,
(c) injected voltage, and (d) grid voltage after filtration

FFET analysis
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Figure 5. THD after filter without optimization
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Table 2. THD in each harmonic’s parameter
Sl.no  Frequency inHZ  THD in percentage  Sl.no  Frequency in HZ  THD in percentage

1 50 100 4 350 3.20
2 150 0.01 5 450 0.01
3 250 3.55 6 550 2.75

4.2. PV-series active power filter (PV-SAF) with optimization—rectifier with load R-L

In this case, the same system is followed but optimization technique applied to PI controller to
optimize the gains which significantly improves the output of the capacitor voltage. This improvement of the
capacitor voltage increases the performance of the PV-SAPF results the reduction of THD level to 4.67% of
the fundamental. The analysis is acceptable by IEEE 519.4. After compensation, wave form of DC link voltage,
load voltage, injected voltage and grid voltage are shown from Figures 6(a)-6(d) respectively. After
compensation, the FFT analysis of grid voltage is presented in Figure 7. It is observed after filtration, the
achieved THD level is coming under IEE519 and it is quite satisfactory. Due to enhanced Jaya optimization
the compensation level increases, THD in each of the harmonics present in Table 3.
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Figure 6. PV-SAPF with optimization-rectifier with load R-L: (a) capacitor voltage, (b) load voltage,
(c) injected filter voltage, and (d) grid voltage after filtration

Table 3. THD in each harmonic’s parameter
Sl.no  Frequency inHZ  THD in percentage  Sl.no  Frequency in HZ  THD in percentage

1 50 100 4 350 181
2 150 0.02 5 450 0.02
3 250 2.02 6 550 1.70

Int J Pow Elec & Dri Syst, Vol. 15, No. 4, December 2024: 2199-2213



Int J Pow Elec & Dri Syst ISSN: 2088-8694 a 2207

FFT analysis

Fundamental (50Hz) = 583.5 , THD=4.67%
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Figure 7. THD after filter without optimization

4.3. PV-SAF filter without optimization-rectifier with load R-C

In this case the supply is fed to a load R-C and the performance of the PV-SAF filter is verified,
connecting the PV in the system. After compensation the wave form of the DC link voltage, load voltage,
injected voltage, and grid voltage are shown from Figures 8(a)-8(d), THD analysis of source current after
compensation is presented in Figure 9, and it is 8.31% of the fundamental which is not very much effective.
From that figure, it is slightly improved. After compensation, fast Fourier transform analysis of grid voltage is
shown in Figure 9, from analysis; it is found that after filtration still harmonics components are present which
8.31% of the fundamental component, THD in each of the harmonics present in Table 4.
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Figure 8. PV-SAPF without optimization —rectifier with load R-C: (a) capacitor voltage, (b) load voltage,
(c) injected voltage, and (d) grid voltage after filtration
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Fundamental (50Hz) = 577.7 , THD=8.31%
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Figure 9. THD after filter without optimization

Table 4. THD in each harmonic’s parameter
Sl.no  Frequency inHZ  THD in percentage Sl.no  Frequency in HZ  THD in percentage

1 50 100 4 350 3.12
2 150 3.03 5 450 0.00
3 250 5.23 6 550 3.47

4.4. PV-SAPF filter with optimization—rectifier with load R-C

In this case, the same system is followed but optimization technique applied to PI controller to optimize
the gains which significantly improves the output of the capacitor voltage. This improvement of the capacitor
voltage increases the performance of the PV-SAPF results the reduction of THD level to 4.51% of the
fundamental. The result is acceptable by IEEE 519. 4. After compensation, the output of DC link voltage, load
voltage, injected voltage and grid voltage is presented in Figures 10(a)-10(d) respectively. After compensation,
THD analysis of grid voltage is presented in Figure 11. After compensation, the FFT analysis of grid voltage after
compensation is shown in Figure 11. From analysis, it is found that after filtration still harmonics components are
present which 4.51% of the fundamental component, THD in each of the harmonics present in Table 5.

4.5. PV-SAF filter without optimization-rectifier with load R-L-C

Here, supply is fed to load R-L-C and the PV-SAF filter performance is verified. After compensation,
the DC link voltage, load voltage, injected voltage, and grid voltage are presented in Figures 12(a)-(d). After
compensation, fast Fourier transform analysis of supply current is presented in Figure 13. THD is 7.16% of the
fundamental which cannot be acceptable. After compensation, the FFT analysis of grid voltage show in Figure
13, and from this analysis; it is found that after filtration still harmonics components are present which 7.16%
of the fundamental component, THD in each of the harmonics present in Table 6.

4.6. PV-SAPF filter with optimization-rectifier with load R-L-C

In this case, the same system is followed but optimization technique applied to Pl controller to
optimize the gains which significantly improves the output of the capacitor voltage. This improvement of the
capacitor voltage increases the performance of the PV-SAPF results in the reduction of THD level to 4.72% of
the fundamental value. Now, this is acceptable by IEEE 519. 4. After compensation, voltage of DC link, load
voltage, injected voltage, and grid voltage are shown in Figures 14(a)-14(d) respectively. After compensation,
the FFT analysis of grid voltage is presented in Figure 15.

After compensation, the FFT analysis of grid voltage is presented in Figure 15. from analysis; it is
found that after filtration 4.72% of the fundamental component is achieved which is comes under IEEE 519
THD in each of the harmonics present in Table 7. The FFT analysis in all types of load connected to the system
is shown in a tabular form for quick analysis in Table 8. The chart diagram of the THD analysis followed by
Table 8 without and with optimization techniques with various loads is presented in Figure 16.
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Figure 10. PV-SAPF with optimization—rectifier with load R-C: (a) capacitor voltage, (b) load voltage,
(c) injected voltage, and (d) grid voltage after filtration

Fundamental (50Hz) = 583.2 , THD=4.51%
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Figure 11. THD after filter without optimization
Table 5. THD in each harmonic’s parameter Table 6. THD in each harmonic’s parameter
Sl.no  Frequency in HZ  THD in percentage Sl.no  Frequency in HZ  THD in percentage
1 50 100 1 50 100
2 150 0.33 2 150 213
3 250 2.72 3 250 3.27
4 350 1.96 4 350 3.93
5 450 0.07 5 450 1.36
6 550 1.90 6 550 3.47
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Figure 14. PV-SAPF with optimization —rectifier with load R-L-C load (a) capacitor voltage,
(b) load voltage, (c) injected voltage, and (d) grid voltage after filtration

Fundamental (50Hz) = 583.5 , THD=4.72%
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Figure 15. THD after filter without optimization

Table 7. THD in each harmonic’s parameter
Sl.no  Frequency in HZ  THD in percentage

1 50 100
2 150 113
3 250 2.27
4 350 1.93
5 450 1.26
6 550 2.47
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Table 8. THD Analysis in each case without and with optimization
THD in percentage with fundamental

R-L without R-L with R-C without R-C with R-L-C without ~ R-L-C with
optimization optimization optimization optimization optimization optimization
7.04 4.67 8.31 451 7.16 4.72
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]
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optimization optimization optimization optimization optimization optimization

Figure 16. Chat diagram of THD analysis without and with optimization technique

5. CONCLUSIONS

In this research work, the developed controller combines both modified Jaya and indirect current
control techniques is successfully implemented in PV-SAPF filter for improving filtering capacity that leads
to distribution system power quality improvement. Fruitfulness of the suggested active power filter is verified
with various loads, with and without optimization techniques. From the table of total harmonic distortion
analysis, it is found that in each case, indirect current control techniques along without optimized Jaya, the
THD is more than 5% of the fundamental which is not acceptable by IEEE 519. However, when optimized
modified Jaya along with indirect current control implemented the THD value comes under acceptable level
of IEEE 519 which is below 5% of the fundamental in all the cases. Not only with lowering the THD value the
suggested optimized controller, but also it is able to improve the reactive power apart from maintain stable
capacitor voltage.
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