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The increasing penetration of distributed generation (DG) and nonlinear
loads in medium-voltage distribution networks have intensified harmonic
distortion, causing poor power quality, higher losses, and potential
equipment malfunction. This study proposes a comprehensive optimization
framework that combines distribution system reconfiguration (DSR),
optimal DG placement, and passive harmonic filter (PHF) allocation using
an enhanced particle swarm optimization (PSO) method under coordinated
scenarios. The framework simultaneously minimizes total harmonic
distortion (THD), active power losses, and voltage deviation while satisfying
operational constraints such as network radiality, %THDv limits, and
acceptable voltage profiles. A case study is conducted on the 165-bus
Sungguminasa distribution network using realistic load data and harmonic
characteristics of nonlinear customers. Simulation results show that the
proposed PSO-based multiobjective optimization reduces %THDv by
54.38%, decreases power losses by 34.26%, and improves the voltage
profile by 0.65% compared with the base configuration. The coordinated
application of DSR, DG, and PHF consistently outperforms individual
mitigation strategies, demonstrating its practical and economic effectiveness
for improving power quality in modern distribution systems. The framework
therefore offers utilities a reliable approach for increasingly complex
distribution networks.
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1. INTRODUCTION

The rapid proliferation of power electronic-based equipment and distributed generation (DG) in
medium-voltage distribution networks has significantly increased the level of harmonic distortion, especially
where nonlinear loads such as adjustable-speed drives, switch-mode power supplies, and consumer
electronics are widespread [1]. These harmonics deteriorate voltage and current waveforms, leading to higher
losses, overheating of equipment, mis operation of protection devices, and accelerated ageing of insulation,
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thereby posing a serious challenge to power quality in modern distribution systems [2]. In addition,

inverter-interfaced renewable DG units, while beneficial for loss reduction and sustainability, are themselves

recognized as significant harmonic sources when their switching patterns interact with network impedances

and background distortion [3].

Passive harmonic filters (PHFs), particularly single-tuned passive filters (STPFs), remain one of the
most widely adopted solutions for harmonic mitigation due to their simplicity, robustness, and
cost-effectiveness relative to active filtering alternatives [4]. Recent studies have shown that accurate filter
design and tuning are crucial to achieve substantial reductions in total harmonic distortion (THD) while
preventing issues such as resonance and over-compensation [5]. Metaheuristic techniques, and particle
swarm optimization (PSO) in particular, have been successfully applied to determine optimal PHF
parameters and placements in industrial and distribution environments, demonstrating marked THD reduction
under IEEE-519 constraints [6].

In parallel, distribution system reconfiguration (DSR) has emerged as a powerful operational tool
for minimizing active power losses, improving voltage profile, and enhancing reliability through optimal
adjustment of sectionalizing and tie switch statuses [7]. Comprehensive reviews highlight that
metaheuristic-based DSR, including PSO variants and hybrid schemes, is how state-of-the-art for handling
the highly non-convex, combinatorial nature of the reconfiguration problem, especially under high DG
penetration [8]. However, most DSR contributions focus mainly on loss minimization and voltage regulation,
treating harmonics only implicitly or ignoring them altogether. Concurrently, optimal siting and sizing of DG
have been extensively studied using multi-objective PSO and other modern optimizers, with objectives such
as loss reduction, voltage improvement, and reliability enhancement [9], [10]. Recent works consider
simultaneous allocation of DG, capacitor banks, and other flexible resources, yet harmonic performance is
often relegated to a secondary constraint or left unmodelled in the optimization framework [11]. More recent
hybrid PSO-based approaches explicitly target power quality indices, showing that coordinated planning of
compensation devices and network topology can significantly reduce THD while supporting voltage stability
in renewable-rich networks [12].

Despite these advances, there is still a clear gap in the literature regarding fully integrated,
multi-objective optimization frameworks that simultaneously; i) reconfigure the distribution system, ii)
determine optimal DG placement and sizing, and iii) allocate PHF, all under explicit harmonic constraints
and real operating conditions of practical feeders. Existing studies typically address only one or two of these
aspects at a time—such as PHF planning in the presence of inverter-based DGs without topology changes
[3], or joint DSR-DG planning without detailed harmonic modelling [12]—which limits their applicability to
networks where harmonic distortion and power quality are critical concerns. Motivated by these limitations,
this paper proposes a coordinated optimization framework for harmonic mitigation in radial distribution
networks that couples DSR with optimal DG and PHF placement using an enhanced PSO algorithm. The
proposed method formulates a multi-objective problem that jointly minimizes voltage THD, active power
losses, and voltage deviation while enforcing operating constraints such as radiality, branch current limits,
and IEEE-519 harmonic limits. The approach is validated on a real 165-bus medium-voltage distribution
network in Sungguminasa subdistrict, considering actual loading conditions and representative nonlinear
customer profiles. The main contributions of this work are:

— Development of an integrated PSO-based DSR-DG-PHF optimization model that explicitly incorporates
harmonic power flow and THD indices in the objective function.

— A coordinated strategy that exploits network reconfiguration to re-shape harmonic propagation paths
while DG and PHF locations are optimally selected to attenuate dominant harmonic orders.

— Comprehensive performance assessment in various scenarios, showing significant improvements in
THDyv, loss reduction, and voltage profile compared to single technique strategies (DSR only, DG only,
or PHF only) will be simulated in several scenarios of optimization technique combinations.

The remainder of this paper is organized as follows. Section 2 presents the mathematical
formulation of the harmonic power flow, objective functions, and operational constraints. Section 3 describes
the proposed enhanced PSO-based optimization framework and scenario design. Section 4 introduces the
Sungguminasa 165-bus test system and data setup. Section 5 discusses the simulation results and comparative
analysis, and section 6 concludes the paper with key findings and recommendations for practical
implementation.

2. MODELLING PROBLEM FORMULATION

This section describes the mathematical formulation of the coordinated optimization framework
integrating DSR, optimal DG placement, and PHF allocation. The problem is modeled as a multi-objective
optimization under harmonic distortion constraints. Harmonic modeling follows established approaches from
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recent literature on harmonic propagation and mitigation [13]-[17]. The DSR framework refers to
state-of-the-art methodologies for reconfiguration in modern distribution systems [18], [19], while DG
allocation follows multiobjective DG placement models reported in [20]-[24].

2.1. Harmonic power flow model
Harmonic analysis is performed using frequency-domain power flow, where each harmonic order h
is solved independently and then superposed. The nodal is (1):

V= 2Zp* I 1)
Where, V},, Z,, and I,, are vector of bus voltage phasors at harmonic order h, network impedance matrix at
harmonic order h, including line resistance—inductance (R—L) models and PHF admittances, and vector of

injected harmonic currents at order h from nonlinear loads, DG inverter switching, and PHF branches. THD
of voltage at bus i is expressed as (2) [13], [14];

SH, v
THD,, = *——— x 100% )

Where THD,,, V2., Vi1, H, and i are THD of voltage at bus i, RMS value of bus i voltage at harmonic order h,

Fundamental voltage RMS value at bus i (h=1 harmonic component), maximum harmonic order considered in
the analysis, and index of the bus under evaluation. Similarity, current harmonic distortion is (3):

H 12
Zh=2lin

THD,, =

x 100% 3)

1,1

Where THD,,, I?,, and I;; are THD of current at bus i, RMS value of injected current at bus i for harmonic

order h, and fundamental current RMS value at bus i. PHF are modeled as single-tuned LC filters according
to widely used design method [15]-[17] (4):

. 1
Your(h) = j (ha)C - m) 4)
Where Yoy (h), j, h, w, C, and L are admittance of the PHF at harmonic order h, imaginary unit representing
a 90° phase shift, harmonic order, angular frequency of the fundamental waveform, filter capacitance, and
filter inductance. The tuned harmonic order satisfies:

ho= L | = ()

w\|LC
Where h; is tuned harmonic order (the harmonic frequency to which the PHF is tuned).

2.2. Model of distribution system reconfiguration
The distribution network consists of radial feeder structures, where switch statuses determine
connectivity. The optimization identifies an optimal radial configuration by controlling tie and sectionalizing
switches [18], [19]. A binary switch variable is defined:
_ (1, if switch k is closed 6

Sk = {0, if switch k is open ©)

Where s, and switch k are binary decision variable representing the status of switch k and the k-th switching
element (either sectionalizing or tie switch) in the distribution network. Power loss on branch k is (7):

2 2
Pi+0Qk

Prossie = Ry vz )

Where Pyss s, Ry, PZ, QF, and V;Z are active power loss on branch k, resistance of branch k, active power
flowing through branch k, reactive power flowing through branch k and voltage magnitude at the sending end
or receiving end of branch k (in volts). Total losses:
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Npr
Ploss = Zkil Ploss,k (8)

Where Py, Ny, and k = 1 are total active power loss of the entire distribution system, total number of
branches (lines) in the distribution network, and computer total losses by adding losses from each branch.
Radiality constrain:

Zsk = Nbus -1 (9)
Where Ny, is total number of buses (nodes) in the distribution system.

2.3. Optimal distributed generation placement and sizing
DG units may operate in PQ or PV mode and can influence harmonic distortion depending on
inverter characteristics [20], [21]. DG active power constrains:

PRE™ < Ppg; < PRU (10)

Where P];}}f}, Ppg and Ppg; are the minimum, the maximum allowable active power output of DG unit | and
the active power output of the DG unit located at bus i, expressed in kilowatts (kW) or megawatts. DG
location affects losses, voltage regulation, and harmonic propagation pathways [22]-[24].

2.4. Passive harmonic filter allocation

PHF allocation involves determining the targeted harmonic order, selecting the optimal installation
location, and specifying the required filter rating (Q-filter). Coordinating these three elements ensures
effective harmonic suppression, appropriate reactive power support, and improved power quality while
maintaining system stability and complying with operational constraints. Filter impedance:

Zpnr(h) = |hol — — (11)

Where Zpyr(h) is magnitude of the PHF impedance at harmonic order h. Capacitive reactive power at
fundamental frequency:

0= (12)
Xe= — (13)

Where Q¢, V, and X, are reactive power supplied by the capacitor at the fundamental frequency, RMS
voltage across the capacitor, and capacitive reactance at the fundamental frequency.

2.5. Multi objective optimization function
The optimization goal combines three objectives: harmonic distortion, power losses, and voltage
deviation.

min F = &q THDqyg + K5 Ppogs +3 AV (14)
1 Nbus

THD gy = mzizl THDy, (15)

AV = S|V = Voo (16)

Where F, &, , 3, THDg,4, and AV are composite multi-objective function to be minimized. It represents the
weighted sum of harmonic distortion, power losses, and voltage deviation, weighting coefficients assigned to
each objective (dimensionless), average voltage THD across all buses, and voltage deviation index,
representing the deviation of bus voltages from their nominal value. THDy,, i, and V,,,,, are voltage THD at
bus i, index representing the i-th bus in the network, and nominal voltage level of the distribution system.

2.6. Operational constraints

The optimization is conducted under several operational constraints to ensure that system
performance, equipment ratings, and power quality standards are maintained throughout the reconfiguration
and allocation process.
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2.6.1. Voltage limit
Bus voltages must remain within the allowable minimum and maximum limits to ensure acceptable
service quality and prevent undervoltage or overvoltage conditions in the network.

Vmin < Vi < Vmax (17)

Where Viyin, Vinax, @nd V; are minimum, maximum allowable voltage limit in the distribution system,
typically set to maintain acceptable service quality, and voltage magnitude at bus i.

2.6.2. Branch thermal limits
Branch currents must not exceed their thermal capacity to avoid conductor overheating, equipment
damage, and violations of network safety margins.

I, < o~ (18)

Where I, and I]*** are current magnitude flowing through branch k and maximum thermal or ampacity limit
of branch k, determined by conductor size, insulation rating, and thermal constraints.

2.6.3. IEEE-519 harmonic limits

Voltage and current harmonic distortion levels must comply with IEEE-519, ensuring that
THDy, < 5% and THD,, < 8% thus maintaining acceptable power quality and mitigating harmonic-related
equipment stress.

THDy, < 5% ,THD;, < 8% (19)

2.6.4. Distributed generation and passive harmonic filter capacity limits
The reactive power capacity of PHF units must lie within predetermined minimum and maximum
limits to ensure feasible operation and prevent excessive compensation or overloading.

QFu% < Qpur < QP (20)

Where QPiR QX and Qpyp are minimum, maximum permissible reactive power rating of the filter based
on design or operational constraints, and reactive power capacity of PHF at the fundamental frequency.

3. PROPOSED OPTIMIZATION METHOD

The proposed methodology integrates DSR, DG placement, and PHF allocation into a unified
multiobjective optimization framework. The method is designed to minimize harmonic distortion, active
power losses, and voltage deviation while maintaining compliance with operational constraints. An enhanced
PSO algorithm is adopted to solve the nonlinear, mixed-integer optimization problem, following approaches
similar to those reported in harmonic mitigation and DG planning studies [25]-[27].

3.1. System modeling and data preparation

The distribution system is modeled using both fundamental and harmonic power flow formulations,
where line impedances, transformer data, DG characteristics, and nonlinear load harmonic spectra are
incorporated. Harmonic impedance matrices for each order are constructed considering line R—L parameters,
DG inverter harmonic contributions, and PHF admittances, in line with commonly used modeling techniques
from harmonic studies. Candidate locations for DG and PHF placement are selected based on voltage
sensitivity, harmonic distortion magnitude, and accessibility. Switch-configurable branches are explicitly
modeled to enable DSR as described in modern reconfiguration frameworks [28].

3.2. Solution encoding

Each candidate solution in the PSO swarm is represented by a hybrid decision vector combining
binary, integer, and continuous variables:

X = [Spsr, Locpg, Ppg, Locpyr, Qpyr] (21)
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Where Spgr, Locpg, Ppg, Locpyr, and Qpyr are encodes switch statuses for network topology, location of
DG, define DG setpoints, location of PHF, and rating of PHF. This encoding supports simultaneous
optimization of topology, DG placement, and PHF design, consistent with multiobjective DG and filter
allocation approaches in the literature [29].

3.3. Harmonic power flow

Harmonic power flow analysis is performed for each particle in the PSO swarm to evaluate the
network’s performance under the candidate DSR-DG-PHF configuration. The analysis adopts a two-stage
approach; i) fundamental-frequency power flow and ii) harmonic-domain power flow. The fundamental
power flow is computed using the forward-backward sweep (FBS) algorithm, which is well-suited for radial
distribution systems due to its numerical robustness, fast convergence, and low computational burden. FBS
iteratively updates branch currents in the backward sweep and node voltages in the forward sweep until
convergence is reached. This ensures accurate estimation of V;; and I; ; which are essential for calculating
THD indices and PHF tuning parameters [30].

3.4. Enhanced particle swarm optimization algorithm
The enhanced PSO algorithm updates velocity and position according to:

ULF+1 = thit + G (Pbesti - xlt) + (918 (Gbest - xzt) (22)

xft = xf 4+ vt (23)

Where v} is velocity of particle i at iteration t. vf** is updated velocity of particle i for the next iteration. x}
is current position (solution vector) of particle i at iteration t. x{**is updated position of particle i for the next
iteration. w, is inertia weight at iteration t. ¢, ¢, are cognitive acceleration coefficient, scaling the influence
of the particle’s own best historical position. 7y, 1, is random numbers uniformly distributed in the interval
[0, 1], introducing stochastic behavior and preventing deterministic convergence. Py, IS personal best
position of particle i, representing the best solution it has found so far. G,.; is global best position found by
the entire swarm across all iterations [31].

3.5. Overall optimization procedure
The optimization procedure consists of the following steps:
Initialize PSO parameters, including swarm size, inertia weight, and acceleration coefficients.
Generate the initial population of candidate configurations.
Perform harmonic power flow analysis for each candidate.
Compute the objective function and apply constraint penalties.
Update pbest and gbest solutions and update particle velocities and positions using enhanced PSO.
Apply mutation and check feasibility.
Repeat steps c—g until convergence.
Output the optimal DSR configuration, DG placement, and PHF allocation.
ThIS coordinated approach ensures that reconfiguration reshapes harmonic propagation paths, while DGs and
PHFs operate synergistically to reduce both harmonic distortion and system losses.

EAL

4. CASE STUDY AND SIMULATION SETUP

This section presents the test system, data preparation, simulation parameters, and scenario
configurations used to evaluate the proposed DSR-DG-PHF optimization framework. All analyses were
conducted using the 165-bus medium-voltage distribution network of Sungguminasa subdistrict, selected due
to its practical operational characteristics, significant penetration of nonlinear loads, and radial topology
consistent with standard utility practices.

4.1. Test system description

The studied 165-bus distribution network operates at a nominal voltage of 20 kV and is supplied by
a single primary substation feeding multiple lateral feeders. The system comprises a combination of overhead
and underground lines modeled using frequency-dependent R—L parameters, distribution transformers, and a
heterogeneous mix of residential, commercial, and small industrial loads. A portion of the demand exhibits
nonlinear characteristics, resulting in harmonic current injections dominated by the 5™, 7", 11, 13™ and 17%
orders. The network is equipped with sectionalizing and tie switches (TS) that enable feeder reconfiguration
while preserving a radial topology. Load data and hourly consumption profiles were obtained from utility
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records and converted into per-unit values for simulation consistency, while harmonic spectra for nonlinear
loads were derived from measured total demand distortion (TDD) and representative harmonic current ratios
commonly observed in distribution systems. The network belongs to customer service unit (ULP)
Sungguminasa, supplying residential, commercial, and industrial customers in the surrounding area. Two
feeders, Barombong and IPDN, were considered in this study, forming a 165-bus system with a total load of
12.325 MW and 7.64 MVAR. Single line diagram can be seen in Figure 1. Harmonic currents were injected
at each load bus based on three representative nonlinear load categories: fluorescent lamp-based residential
loads, inverter-based temperature control devices in high-end residential areas, and six-pulse variable
frequency drives (VFDs) in industrial zones. The characteristics and magnitudes of these harmonic injections
are summarized in Tables 1 and 2.
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Figure 1. Single line diagram of ULP Sungguminasa 165-bus [32]
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Table 1. The value of harmonic current injection [32]
The types of harmonic injection
Industrial zone ~ Commercia area _ Residential area

Harmonic order

5 982140° 15.0020° 10.002£0°
7t 39.86,113° 10.002£0° 5.0020°
11 18.952—158° 5.0020° 1.0020°
13" 8.792—178° 3.0020° 0.002£0°
17" 2.52-94° 1.0020° 0.002£0°

Table 2. Harmonic load location [32]

Type of harmonic load Load bus

VFD 36, 46, 53, 117, 121, 164

Inverting devices 5,11 15, 18, 20, 23, 25, 27, 30, 34, 38, 41, 44, 48, 59, 58, 64, 71, 73, 78, 82, 85, 88, 91, 94, 96, 100, 112,
119, 123, 128, 130, 138, 153

Fluorescent 3, 8,09, 14, 16, 21, 22, 26, 29, 31, 32, 35, 40, 42, 49, 50, 51, 54, 56, 57, 62, 65, 67, 69, 70, 74, 75, 76, 77,

79, 81, 83, 87, 90, 97, 99, 102, 104, 106, 107, 108, 109, 111, 114, 115, 116, 118, 121, 125, 127, 132, 134,
136, 137, 142, 143, 146, 148, 151, 152, 155, 157, 159, 161, 162

The TS group load buses into several segments to facilitate the identification of the most optimal
network configuration. Five clusters are defined using the TS and sectional switches (SS), which are subject
to reconfiguration. These TS-SS combinations form the basis of the search space utilized during the
optimization procedure. In the reconfiguration process, selected SS units are opened, enabling alternative
paths to be formed through the closing of specific TS according to the solutions generated by the
optimization algorithm [32]. TS and SS data is showed in Table 3.

Table 3. TS and SS data for DSR

Cluster for NR TS SS
1 44-67 41-42, 42-43, 43-44, 62-63, 63-64, 64-65, 65-66
2 23-76 20-21, 21-22, 22-23, 70-74, 74-75, 75-76
3 30-165 26-27, 27-28, 28-29, 29-30, 160-161, 161-162, 162-163, 163-164, 164-165
4 120-135 116-117, 117-118, 118-120, 133-134, 134-135
5 108-151 104-106, 106-107, 107-108, 149-150, 150-151

4.2. Distributed generation and harmonic filter modeling

DG units considered in the study consist of inverter-based photovoltaic systems and small
synchronous generators with typical power ratings between 100 kW and 500 kW. Their electrical
characteristics, including active/reactive power capability curves and harmonic emission profiles, were
modeled based on manufacturer specifications and standards [29]. PHF are implemented as single-tuned LC
circuits designed to target dominant harmonic orders. Candidate buses for PHF placement were selected
based on high observed THD, network sensitivity indices, and proximity to nonlinear load clusters. The PHF
ratings Qpyr Were varied within the limits defined in section 2 to avoid overcompensation and resonance
effects [21].

4.3. Simulation parameters and computational setup
The FBS algorithm was used to solve the fundamental power flow due to its numerical stability and
efficiency in radial networks. All computations were performed using MATLAB 2021b. Simulation
parameters include:
— Number of harmonics considered: 1%, 5™, 7%, 11", 13" and 17%".
— Base power: 1 MVA and Convergence tolerance for FBS: 10 pu.
— PSO swarm size: 50 particles and maximum iterations is 150.
— Cognitive and social coefficients: ¢; = ¢, = 2.

4.4. Scenario design
To comprehensively evaluate the coordinated optimization strategy, seven simulation scenarios were
developed:
— Case 1. Baseline network (no motogation)
— Case 2. PHF placement
— Case 3. DSR
— Case 4. DG placement
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— Case 5. DG placement with DSR

— Case 6. HPF placement with DSR

— Case 7. DG and HPF Placement with DSR

This scenario design allows direct comparison of the proposed coordinated strategy against partial or
conventional mitigation techniques.

5. RESULT AND DISCUSSION

This section presents the simulation results obtained from the coordinated optimization of DSR, DG
placement, and PHF allocation on the 165-bus Sungguminasa distribution network. Comparison of
optimization results from several case studies can be seen in Table 4, Figures 2 and 3.

The comparative results in Table 4 demonstrate the impact of different mitigation strategies on the
performance of the 165-bus distribution network. The base case (Case 1) exhibits the weakest performance,
with the lowest minimum voltage (0.948 p.u.), the highest active power loss (389.65 kW), and relatively high
voltage harmonic distortion (THDv max=3.133%). The application of a single PHF in Case 2 significantly
reduces both voltage and current harmonic distortion, confirming the effectiveness of tuned passive filters in
suppressing dominant harmonic components. DSR in Case 3 and DG integration in Case 4 substantially
improve the voltage profile and reduce power losses due to better power flow distribution and localized
generation support. However, these cases show limited or even adverse improvement in harmonic indices,
indicating that DSR and DG alone do not inherently mitigate harmonic distortion and may alter harmonic
propagation paths within the network.

Table 4. Comparative result for all scenarios

Parameter Study case
Casel Case?2 Case 3 Case 4 Case 5 Case 6 Case 7
DG Cap (kW) - - - 500, 500, 500 500, 500, 500 - 500, 500, 500
Loc - - - 127, 149, 159 47, 86, 152 - 40, 111, 165
PHF Cap (kVAr) - 680 - - 645 620
Loc - 95 - 125 114
DSR-SS open 43-44, 22-23 43-44, 22-23 43-44, 22-23 43-44, 22-23
29-30 29-30 29-30 29-30
) 118-120 ) 118-120 118-120 118-120
150-151 150-151 150-151 150-151
Vius (PU) Min 0.948 0.950 0.950 0.954 0.954 0.953 0.957
Avg 0.966 0.968 0.969 0.970 0.971 0.970 0.973
%THD, Max 3.133 1.799 3.120 3.261 3.247 2.071 1.757
Avr 2.279 1.307 2.191 2.134 2.156 1.356 1.040
%THD; Max 1.337 0.567 1.336 1.278 1.335 0.559 1.147
Avr 0.474 0.206 0.447 0.490 0.474 0.222 0.181
Tot Ppygs (KW) 389.65 364.57 357.7 304.27 297.99 3315 267.97
Tot Qs (KVAN) 510.8 449.38 472.52 4118 402.92 421.16 335.8

1.005

0.995

0.985

0.975

0.965

Voltage Level Bus (pu)

0.955

0.945
1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101105109113117121125129133137141145149153157161165

Number of bus

Figure 2. Voltage level bus in all study case
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35

%THDv

1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73 77 81 85 89 93 97 101105109113117121125129133137141145149153157161165
Number of bus

Figure 3. %THD,, value in all study case

The best overall performance is achieved through coordinated optimization, particularly in Case 7,
which combines DSR, DG, and PHF. This scenario yields the highest minimum and average bus voltages
(0.957 p.u. and 0.973 p.u.), the lowest total active and reactive power losses (267.97 kW and 335.8 kVAr),
and the lowest average voltage and current harmonic distortion (THDv avg=1.040%, THDi avg=0.181%).
These results highlight the synergistic effect of simultaneously optimizing network topology, DG placement,
and harmonic filtering. The coordinated approach effectively balances voltage regulation, loss minimization,
and harmonic mitigation, demonstrating its superiority over single-technique solutions for improving both
power quality and operational efficiency in modern distribution networks.

The voltage-magnitude results show a consistent decline from upstream to downstream buses, while
demonstrating that improvements vary across the network. Case 7 provides the strongest voltage support at
nearly all buses, increasing the minimum end-of-feeder voltage from approximately 0.948 p.u. to 0.957 p.u.
and shifting the overall voltage profile upward. This improvement is particularly important for long radial
feeders, where downstream buses typically determine operational voltage margins. Several buses, including
23, 30, 44, 108, 120, and 151, remain fixed at exactly 1.0 p.u. in certain scenarios, indicating possible
localized voltage regulation, DG support, or structural segmentation caused by network reconfiguration.
These values should be interpreted carefully because they may represent enforced voltage setpoints, reference
buses, or island-like equivalents rather than natural load-flow responses. Although voltage differences among
cases are relatively small at upstream buses, they become increasingly pronounced downstream. Overall, the
coordinated strategy primarily mitigates cumulative voltage drops and effectively strengthens voltage
stability in the most electrically vulnerable feeder sections.

Figure 3 provides a bus-by-bus comparison of %THDv across seven scenarios, showing that
coordinated mitigation strategies outperform partial or isolated approaches. In the base condition, Case 1
records an average % THDv of 2.28%, with peaks above 3.13% at downstream buses where higher network
impedance intensifies harmonic propagation. Cases 3-5 produce only limited improvements, reducing
average distortion to approximately 2.13-2.19%, which indicates insufficient impact on dominant harmonic
sources and sensitive feeder sections. Greater improvements are observed in Cases 2 and 6, where average
%THDv decreases to 1.31% and 1.36%, respectively, demonstrating the effectiveness of targeted filtering
and partial coordination. Case 7 achieves the best performance, lowering average % THDv to 1.04%, or about
54% below the base case. It also suppresses distortion more uniformly and reduces critical downstream
hotspots. These results confirm that coordinated DSR, optimal DG placement, and PHF provide the most
robust system-wide harmonic mitigation while maintaining improved voltage quality throughout the entire
medium-voltage radial distribution network under study.

The comparative results show that harmonic distortion along the feeder is influenced more by
system-wide propagation than by local conditions. This explains why incremental interventions in Cases 3-5
provide only modest reductions in average distortion, although improvements occur at several specific buses.
Distortion peaks above 3% in the base case, particularly at downstream locations, indicate that feeder
impedance and resonance-like amplification along long radial sections strongly shape the harmonic profile.
Consequently, mitigation measures that do not substantially modify the harmonic driving-point impedance at
critical buses have limited system-wide effectiveness. Cases 2 and 6 achieve stronger reductions, with
average distortion decreasing to approximately 1.31-1.36%, indicating that targeted filtering and strategic
compensation can suppress dominant harmonic components. However, residual distortion remains because of
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structural limitations associated with feeder topology. Case 7 delivers the best overall performance, reducing
average distortion to about 1.04%, equivalent to an improvement of approximately 54% over Case 1, while
also producing a more uniform reduction across the feeder by reshaping harmonic flow paths and limiting
amplification at vulnerable downstream nodes more effectively overall.

Table 5 compares the harmonic mitigation performance of the proposed method with several
representative studies from high-impact journals. The proposed coordinated strategy reduces the average
voltage THD to 1.04%, corresponding to a 54% reduction from the base case. Compared with existing
approaches such as harmonic filter optimization, source-tracing mitigation strategies, and optimal DG
placement, the proposed integration of network reconfiguration, DG allocation, and passive filtering provides
a more comprehensive solution for achieving uniform harmonic suppression across the feeder.

Nevertheless, the results alone do not guarantee robustness, as compliance may be sensitive to load
variation, uncertainty in inverter harmonic spectra, and resonance conditions. Accordingly, while the findings
support a coordinated, system-level mitigation approach as the most effective solution, the conclusions
should be framed as contingent on the assumed operating point and validated under multiple loading
scenarios and harmonic source models to ensure generalizable harmonic performance.

Table 5. Comperative study in harmonic mitigation

Study Method Test system Reported % THDv Key fingings

In Coordinated optimization of ULP Sungguminasa 1.04% (average). Achieves ~54% reduction from base case
this distribution network  165-bus. (2.28%). Provides uniform mitigation
study  reconfiguration+optimal DG across the feeder and suppresses

placement+PHF.

[3] Optimal planning of single-
tuned harmonic filters using
water cycle algorithm (WCA).

[33] Source-tracing-oriented
harmonic  mitigation  and
optimization control.

[34] Optimal DG  allocation
considering  harmonic and
voltage constraints.

[35] Hybrid GWO-PSO algorithm

for optimal DG placement.

Distribution system
with inverter-based
DG.

IEEE 33-bus radial
distribution system.

IEEE 33-bus radial
distribution system.

Distribution
network test system.

~1.3-1.6%.

THD  reduction~
2.6% improvement.

<3% (IEEE 519
compliant).

Significant  THD
and loss reduction.

downstream harmonic hotspots.
Demonstrated significant reduction of
harmonic distortion and improved power
quality through optimal filter planning.
Identifies dominant harmonic sources
and coordinates mitigation nodes to
reduce distortion and voltage fluctuation
Optimal DG placement improves voltage

profile and reduces harmonic
propagation across the feeder.
Hybrid metaheuristic approach

outperforms standalone algorithms in

improving network performance.

6. CONCLUSION

This research presents a coordinated optimization framework for harmonic mitigation in medium-
voltage distribution networks with high penetration of DG and nonlinear loads. The proposed method
integrates DSR, optimal DG placement, and PHF allocation within an enhanced PSO algorithm to
simultaneously reduce harmonic distortion, active power losses, and voltage deviation while satisfying
practical operating constraints. Application to the 165-bus Sungguminasa DN, using realistic load and
harmonic characteristics, shows that isolated mitigation strategies provide only limited improvements,
whereas coordinated optimization produces substantially better and more uniform system performance. The
results demonstrate a maximum reduction of 54.38% in voltage THD, a 34.26% decrease in active power
losses, and an improved voltage profile compared with the base configuration. These findings confirm that
jointly considering network topology, DG integration, and harmonic filtering is essential for effective power
quality enhancement. Overall, the proposed framework offers a technically effective, systematic, and
economically reasonable solution for utility implementation in modern distribution systems. Future research
may extend the approach to dynamic operating conditions, uncertainty in harmonic sources and loads,
renewable generation variability, and real-time or adaptive optimization schemes for increasingly complex
distribution networks under changing network and operating conditions.
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