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1. Introduction

Abstract

The increasing integration of power electronic converters in modern electrical
power systems has led to a significant rise in harmonic distortion, posing serious
challenges to power quality, system stability, electromagnetic compatibility, and
equipment lifetime. Harmonic filter reactors play a critical role in mitigating har-
monic propagation and limiting resonance phenomena in electrical networks by
providing controlled inductive impedance and stabilizing system behavior under
distorted operating conditions.

In this study, the application of the Finite Element Method (FEM) in the design and
analysis of harmonic filter reactors is comprehensively reviewed. Rather than
proposing a new design methodology, the paper focuses on how FEM has been
utilized in existing reactor designs to address the limitations of conventional ana-
lytical approaches. In particular, the capability of FEM to capture nonlinear mag-
netic behavior, leakage flux distribution, fringing effects, and core saturation under
realisticloading and frequency-dependent conditions is examined.

The study highlights how FEM-based analyses improve inductance estimation
accuracy, enable detailed electromagnetic field visualization, and support the
evaluation of complex geometrical configurations that are difficult to handle ana-
lytically. In addition, the role of FEM in facilitating design validation, optimization
processes, and performance assessment in compliance with IEEE 519 power qual-
ity requirements is discussed. The findings demonstrate that FEM has become an
essential tool in modern harmonic filter reactor engineering, significantly enhanc-
ing design reliability and providing deeper insight into reactor performance under
distorted operating conditions.

Keywords: Harmonic reactor design; FEM; ANSYS Maxwell; COMSOL; magnetic
field analysis.

With the increasing integration of power electronics into modern electrical systems, harmonic distortion has

become a prevalent and critical issue. Nonlinear loads such as variable frequency drives (VEDs), rectifiers, in-

verters, and uninterruptible power supplies (UPS) generate harmonics —undesired frequency components that

are integer multiples of the fundamental frequency (typically 50 or 60 Hz). These harmonics propagate
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throughout the network, leading to degraded power quality, increased thermal losses, malfunction of sensitive
equipment, and reduced overall system efficiency [1].

To mitigate these effects, harmonic filter reactors are widely employed as inductive elements connected in
series with capacitors to form tuned or detuned passive filter circuits. By introducing controlled impedance at
specific frequencies, these reactors prevent resonance between system impedance and capacitive reactance,
while also limiting the propagation and amplification of harmonic currents —particularly toward capacitor
banks. As a result, they play a crucial role in improving system reliability, protecting equipment, and ensuring
compliance with international standards such as IEEE 519 [2].

However, conventional design approaches for harmonic filter reactors, which are mainly based on analytical
calculations and empirical assumptions, are often insufficient to accurately capture complex electromagnetic
phenomena such as non-linear core behavior, leakage flux, and localized saturation effects. These limitations
become more critical with increasing design constraints related to performance, compactness, and thermal limits.

In this context, the Finite Element Method (FEM) provides a powerful tool for detailed electromagnetic
analysis, enabling accurate modeling of reactor behavior under realistic operating conditions. FEM allows the
inclusion of complex geometries, nonlinear material properties, and field distributions that are not easily ad-
dressed using classical methods.

This paper focuses on the application of FEM in harmonic filter reactor design. The main contributions of this
study are summarized as follows:

e A comprehensive overview of FEM-based modeling approaches used in harmonic filter reactor analysis
and design.

e A review of key design parameters reported in the literature that influence inductance and electromag-
netic performance.

e An assessment of how reactor performance is evaluated in terms of harmonic mitigation and electro-
magnetic behavior using FEM-based studies.

e A discussion on the advantages of FEM in improving analysis accuracy, supporting design validation,

and facilitating optimization processes in existing reactor designs.

Harmonic Reactors
Neutral grounding reactors Harmonic filter reactors, also known as detuned reactors, are inductive compo-
nents used in conjunction with capacitors to form filter circuits that mitigate the effects of harmonics. By intro-
ducing a specific impedance at certain frequencies, these reactors prevent resonance conditions and limit the
flow of harmonic currents into sensitive components like capacitor banks. This not only protects the capacitors
from potential damage but also enhances the overall power quality of the system.
The commonly used reactor types in power systems are listed as follows:
e Linereactors;
e Harmonic filter reactors;
e Motor starting reactors;
e Current-limiting reactors;
e Shuntreactors;

e Flectric arc furnace reactors.
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Figure 1. Magnetic and electric equivalent circuits of a single-phase iron-core shunt reactor [3]

Harmonic filters suppress or mitigate harmonic components and absorb harmonic currents within specific
frequency ranges, removing this energy from the system. As a result, the circulation of harmonic components
within the system, which could otherwise damage sensitive equipment or degrade power quality, is prevented.
This process reduces Total Harmonic Distortion (THD), thereby improving system stability of the grid but also
extending the lifespan of equipment, increasing system efficiency, and minimizing energy losses.

The most commonly used metric is the Total Harmonic Distortion (THD), defined as:

_ W %)=2 Vnz
THD = ———— x 100%

7 M

where,
Vnis the magnitude of the nth harmonic component.

V; is the magnitude of the fundamental component.
2. Materials and Methods

In harmonic filter reactor design, not only the accurate determination of inductance but also the evaluation of
harmonic mitigation performance is essential. A key performance indicator in this context is the Total Harmonic
Distortion (THD), which quantifies the distortion level of current or voltage waveforms in the system.

In practical power systems, THD limits are defined by international standards such as IEEE 519, which
specifies acceptable harmonic levels at different voltage levels and system conditions [4]. Therefore, the design of
harmonic filter reactors must ensure that the resulting system THD remains within these limits.

A conventional passive harmonic filter consists of a reactor (inductor) connected in series with a capacitor.
This configuration is designed to exhibit low impedance at a particular harmonic frequency, thereby diverting
harmonic currents away from the main system.

Series resonance circuits are utilized in the design of harmonic filters, aiming to provide minimum impedance
at the target harmonic frequency. These circuits are formed by connecting an inductor (L) and a capacitor (C) in
series. At resonance, the circuit presents a low-impedance path, allowing harmonic currents at the selected fre-

quency to pass through the filter and be eliminated from the system.
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Figure 2. Series resonance circuit used in harmonic filters [5].

The tuning of harmonic filters is directly related to the reactor inductance and capacitor values. The resonance

frequency f7 of the filter is determined by the inductance (L) and capacitance (C) values (2,3):

1
Y= we fr = 2m\LC )

Accurate control of this frequency is critical, as any deviation may lead to insufficient harmonic attenuation or
amplification due to parallel resonance with the grid impedance. Improper tuning may result in a substantial
degradation of THD performance, especially in systems with time-varying harmonic spectra. [6, 7].

Large-scale reactor manufacturers commonly utilize finite element analysis (FEA) software tools such as
ANSYS Maxwell, MagNet, Opera, COMSOL, Flux and FEMM during both the design and production stages. In
many modern applications, FEM-based design approaches have become standard practice to enhance accuracy
and reliability in electromagnetic analysis.

In line with this trend, several recent studies have demonstrated the effectiveness of FEM in evaluating crit-
ical design parameters. For instance, in a study investigating the impact of the number of air gaps on core losses,
a single-phase iron-core shunt reactor was analyzed using the FEM-based ANSYS Maxwell 3D environment. In
this work, the reactor model was developed under magnetostatic conditions, and the number of air gaps per
limb varied as 1, 5, 10, 16, 20, and 35.
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Figure 3. Distribution of magnetic flux density along the reactor limb for varying numbers of distributed air gaps [8].

The simulation results provided detailed insights into the electromagnetic behavior of the reactor, particu-
larly the distribution of magnetic flux density along the core structure. As illustrated in Fig. 3, the magnetic field
distribution obtained from the simulations clearly shows the influence of varying air-gap configurations on flux
uniformity and core saturation levels. These findings highlight the significant role of air-gap design in control-

ling corelosses and improving overall reactor performance [8].

Geometry Definition and Parametric Modeling

The reactor geometry is defined in a two-dimensional axisymmetric configuration, which is widely adopted
in electromagnetic finite element analysis to significantly reduce computational cost while preser ving solution
accuracy for rotationally symmetric structures [9, 10]. This modeling assumption is particularly suitable for
reactor and inductor-type devices, where the circumferential field variation is negligible compared to radial and
axial field components.

The computational domain typically consists of three main regions: the coil (winding) region, the surround-
ing air domain, and the magnetic core region. Each region is explicitly represented in the finite element model to
ensure accurate coupling of electromagnetic field interactions and energy storage mechanisms. In air-core reac-
tor designs, the absence of a magnetic core eliminates nonlinear saturation effects, while in iron-core configura-

tions, nonlinear permeability must be incorporated through experimentally derived B-H characteristics [9], [11].
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All geometrical parameters, including inner and outer coil radius, winding thickness, axial height, and con-
ductor cross-sectional area, are defined in a parametric form. This parametric modeling approach enables sys-
tematic design space exploration and supports automated optimization procedures when coupled with numer-
ical solvers such as FEM-based iterative algorithms or evolutionary optimization methods [10], [12]. Further-
more, parametric definition is essential for sensitivity analysis, allowing the evaluation of how small geometric

variations influence inductance, flux distribution, and loss mechanisms.
Material Modeling

The first step is to clearly define the technical requirements of the system in which the reactor will operate. An

example table illustrating the parameters to be determined is provided in Table 1.

Table 1. Design Data for Set of Iterations with 13.8kV Operating Voltage and 80K Temperature Rise [13].

Feature 1. 2. 3. 4. 5.
Temparature Rise 80 80 80 80 80
# gap 40 40 40 40 40
kVAR 250 250 250 250 250
Voltage (I-1) kV 13,8 13,8 13,8 13,8 13,8
Current Amps 31,4 31,4 31,4 62,8 62,8
L (mH) 808 808 808 404 404

Inductance (L) depends on the reactor core material, air gap, number of turns and magnetic circuit parame-

ters. The basicinductance value of the reactor is calculated by the following formula:

N?. o - Hefr - Ac

lm

L= 5)

Here:

Uo: Air gap permeability,

o : Core material permeability,
N: turns of winding,

A.: magnetic cross-sectional area,

[,,: magnetic path length.

If the core contains an air gap (g), the total magnetic circuitlength is:

lm = lcore + g (6)
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Figure 4. Simplified definition of flux paths (a); the most popular equivalent circuit (b) [14, 15]

Reactors usually target a particular harmonic order (h).

fo=h" fremer ™

Zyp = J21th fremer * L 3

Magnetic flux density (B) is important to determine whether there is saturation in the reactor core.

My NI
B= Ho-Hy 9)
I
The following equation is used for the thermal model of the reactor.
P loss
AT = — 1055 (10)
Acooling h

Loss Calculations

Harmonic reactors are fundamental passive components used in energy systems to suppress unwanted
harmonic components. However, during the design process of these reactors, both electromagnetic and electrical
losses must be carefully analyzed. Depending on the reactor’s structure, the materials used, and the operating
conditions, various types of losses may arise. Accurate calculation of these losses is critical for ensuring the effi-

cient operation of the reactor and maintaining its thermal stability.

1. Copper Losses (Joule Losses)
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Copper losses refer to the energy losses converted into heat due to the current flowing through the reactor

windings. These losses can be calculated using the following formula:

Py = Irzms ‘Rac (11)

Here, Irms represents the total root-mean-square (RMS) current flowing through the reactor, while Rac de-
notes the AC resistance of the winding. The AC resistance is not limited to the direct current (DC) component; it
significantly increases due to the skin effect and proximity effect at harmonic frequencies. In systems where
high-frequency harmonic components are prevalent, these effects can substantially elevate copper losses.
Therefore, in high-frequency applications, it is recommended to either increase the conductor cross-sectional

area or employ stranded conductors (such as Litz wire) to mitigate these losses.
2. Core Losses (Iron Losses)

In harmonic reactors utilizing a magnetic core, two primary types of losses occur within the core material due

to the alternating magnetic field: hysteresis loss and eddy current loss.

a) Hysteresis Losses:

Hysteresis loss refers to the energy dissipated during each cycle of magnetization and demagnetization of the

material. According to the Steinmetz model, it can be expressed as follows:

Ph:kh'f'Brrrlzax'V 12)

e Here, frepresents the frequency,

¢ Bmaxdenotes the maximum magnetic flux density,
e Vs thecore volume,

e khis the material-specific constant, and

e nisaconstant defining the hysteresis characteristic (typically ranging from 1.6 to 2).

Although this model does not directly account for the effects of harmonic frequencies, it can be used to esti-

mate the total losses.

b) Eddy Current Losses:

Eddy current losses occur as a result of circulating currents induced within the core due to the changing

magnetic field:

Pezke'fz'Br%lax'tZIV (13)

In this formula,

e trepresentsthelamination thickness,

e ke isthe material constant.



Int.]. Energy Appl. Sci 2026, 1(1)

19 of 55

Since the eddy current losses are proportional to the square of the frequency, the presence of harmonic

components significantly increases these losses. Therefore, thin laminations are preferred in harmonic reactors,

and the use of air gaps is employed to prevent local saturation.

3. Additional Source Losses

In addition to the above, other losses that may occur during the reactor design include:

e Contactresistances at connection points,

e Damped vibration losses caused by mechanical oscillations,
e Increased thermal conduction losses due to insufficient cooling systems.

These losses are generally not formulated directly but are considered in thermal analysis simulations.

4. Total Loss and Efficiency

When all these components are combined, the total reactor loss is expressed as follows:

Ptotal=Pcu+Ph+Pe+Pextra

(14)

Here, P,,;,, represents the additional losses arising from connection points, mechanical damping, and en-

vironmental effects.

These total losses directly affect the efficiency of the reactor:

n_

3. Results and Discussion

_ Poutput =1— Ptotal
Pinput Pinput

(15)

Table 2 illustrates the analytical calculation. The calculations were conducted five iterations based on the data

presented in Table 1.

Table 2. Analytical Calculation Results for Set of Iterations with 13.8kV Operating Voltage and 80K Temperature Rise

[13].

Results 1. 2. 3. 4, 5.
Lleak 0,05 0,1 0,2 0,05 0,1
Bm (T) 1,1 1,1 1,1 1,1 1,1
A (mm?) (x103) 45 39,2 39,2 57,8 57,8
A_eff (mm?) (x103) 441 38,4 38,4 56,6 56,6
foil thickness (mm) 0,15 0,15 0,15 0,25 0,25
] (A/mm?2) 14 1,3 14 1,1 1,2
height (mm) 729 717 705 865 837
N (turns) 730 730 680 550 490
I_gap (mm) 39,2 36,1 35,2 57,2 47,9
Winding width (mm) 329 329 306 303 270
window (mm) 474 474 451 448 415
a (mm) 150 140 140 170 170
b (mm) 300 280 280 340 340
Temp Rise (K) 82 81,5 81,7 82 81,7
wind-wind clear. (mm) 25 25 25 25 25
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yoke clearance (mm) 120 120 120 120 120
tube (mm) 60 60 60 60 60
PVC (euro) 2518 2421 2191 3912 3745

FEM-Based Harmonic Reactor Design Approach

The application of the Finite Element Method (FEM) in harmonic filter reactor design follows a structured
and physics-based workflow to ensure high accuracy in electromagnetic analysis. The simulations are generally
conducted using ANSYS Maxwell, which is specifically developed for the analysis of low-frequency electro-
magnetic devices, including transformers and reactors. ANSYS Maxwell enables both 2D and 3D field analysis,
incorporates nonlinear material modeling, and provides advanced post-processing capabilities for inductance,
losses, and field visualization [16].

In addition to the primary simulation environment, FEM-based analysis can also be performed using
COMSOL Multiphysics, which provides a flexible multiphysics platform for accurately modeling the electro-

magnetic and structural behavior of reactor systems [17].

Figure 5. 2D axisymmetric finite element model of reactor in COMSOL software [17].

¥ 2.61x1072

Figure 6. Distribution of magnetic flux density in COMSOL software [17].
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ANSYS Maxwell provides a comprehensive set of boundary condition definitions that are essential for accu-
rately formulating electromagnetic field problems. According to the Maxwell Theory Documentation [18], these
boundary conditions are categorized into several types such as Dirichlet (essential) boundaries, Neumann (nat-
ural) boundaries, and symmetry or periodic boundaries, each serving a specific physical modeling purpose.
Dirichlet boundary conditions are typically used to enforce fixed potential or field values on domain surfaces,
while Neumann boundary conditions define the normal component of the field flux across boundaries. In addi-
tion, symmetry and periodic boundary conditions are widely applied to reduce computational domain size and
improve simulation efficiency without compromising accuracy. These formulations are detailed in the boundary
condition sections of the official ANSYS Maxwell Theory Guide [18], ensuring that the numerical model is con-

sistent with fundamental electromagnetic field theory and real-world physical constraints.

Table 3. Boundary Conditions Used in ANSYS Maxwell [19].

Boundary Mathematical

Physical Meanin Typical Application in Maxw
Condition Type Formulation y 8 P PP
Dirichlet Fixed potential / field value Electric potential or magneti
] ¢ = constant ] o
(Essential) imposed on boundary vector potential fixed surfaces
Neumann 09 Zero normal flux across Magnetic insulation or oper
(Natural) on boundary boundary approximations
n-B=0or : o o .
Symmetry Field symmetry condition Periodic or geometrically
Boundary axA=0 reducing computational domai symmetric structures
Periodic Repetition of field distributis Rotating machines, repetitiv
¢(x) =p(x+T) o .
Boundary in periodic structures magnetic structures
Open Boundar Simulation of unbounded External field radiation and
. Far — field approxim .
(Infinite Element domain leakage flux problems

1) Geometry Definition

The first step in FEM-based design is the creation of an accurate geometrical model of the harmonic filter re-
actor. Depending on the design type, this may include iron-core or air-core configurations. The model must
represent all critical components, including the magnetic core, windings, insulation layers, and air-gap regions.

Geometry is typically constructed using parametric modeling tools in ANSYS Maxwell, allowing key di-
mensions such as core diameter, air-gap length, and winding spacing to be defined as variables. This parametric
structure is essential for subsequent design optimization studies.

A conventional approach to defining the equivalent inductances of a reactor typically relies on analogies with
transformer models, where inductance components are associated with distinct magnetic flux paths. However,
unlike transformers, reactors consist of a single winding, and therefore the separation between main flux and
leakage flux cannot be rigorously defined based on mutual coupling. This ambiguity becomes even more pro-
nounced in gapped iron core reactors, where magnetic flux lines partially leave the core, tra verse the air region,
and re-enter the core structure [20].

Consequently, the identification of discrete flux tubes corresponding to “main” and “leakage” inductances

becomes highly approximate and physically inconsistent [20].
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FEM-based approaches have been widely used for the calculation of inductance and winding losses in
dry-type detuned reactors. In previous studies, inductance values obtained using COMSOL Multiphysics were
validated with experimental results, showing that models including the core and air-gap configuration provide

high accuracy, whereas air-core simplifications lead to significant errors due to the strong dependence on air-gap

geometry [21].
Surface: Magnetic flux density norm (T) o
mm F T T =
1000 -
900 -
0.3
800 -
700 - 0.25
600 -
0.2
500 -
400 0.15
300 0.1
200
100 0.05
0 -
1

1
0 500 mm

Figure 7. Magnetic flux density distribution in configurations of the core window COMSOL software [21].

Similarly, winding loss calculations performed using both detailed and simplified modeling approaches yield
comparable results, indicating that model selection can be based on the trade-off between computational cost
and accuracy [21].

To overcome these limitations, traditional analytical models introduce simplified magnetic flux paths, as il-
lustrated in Fig. 8a, leading to equivalent inductance circuits composed of series and/or parallel elements (Fig.
8b) [14], [15]. In such representations, the inductance associated with the iron core is often neglected due to its
relatively small contribution in series models or its dominance in parallel models under unsaturated conditions.
However, these simplifications rely heavily on assumed flux distributions and typically require empirical cor-

rection coefficients to account for fringing effects, leakage flux, and nonlinear material behavior.
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Figure 8. Magnetic flux pattern in a three-limb reactor (a); a detail showing fringing (b); energy distribution
(c) [20].

In contrast, a Finite Element Method (FEM)-based approach eliminates the need for predefined flux paths by
directly solving Maxwell’s equations over the reactor geometry. The magnetic field distribution is obtained
numerically, allowing all flux components —including core flux, leakage flux, and fringing fields —to be inher-
ently captured without artificial separation.

Accurate geometry definition is particularly important because electromagnetic field distrib ution—especially
leakage flux and fringing effects —is highly sensitive to physical dimensions. Studies in 2024 confirm that sim-
plified geometrical assumptions can lead to significant errors in inductance estimation and loss prediction [9],
[23].

2) Material Modelng

Material definition is a critical step in FEM simulations. In harmonic filter reactors, nonlinear magnetic ma-
terials are commonly used in iron-core designs. Therefore, accurate representation of the B-H curve is required.

Nonlinear material properties can be directly defined in ANSYS Maxwell, enabling accurate representation of
magnetic saturation effects. The relationship between magnetic field intensity H and flux density B is inherently
nonlinear and is typically defined based on experimental measurements or manufacturer-provided data.

Additionally, electrical conductivity of winding materials (typically copper or aluminum) is defined to ac-
count for eddy current losses. Frequency-dependent effects such as skin and proximity effects become significant

at harmonic frequencies and must be considered for accurate loss estimation [9].
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Figure 9. 3D model mesh distribution and magnetic flux density for single-phase model [3].

Recent literature searches highlights that improper material modeling can result in underestimation of core

losses and incorrect prediction of saturation regions, directly affecting reactor performance [7], [23].
3) Meshing Strategy

The computational domain is discretized into finite elements through a meshing process. Mesh quality plays

a crucial role in the accuracy and convergence of FEM simulations.

Figure 10. Mesh distribution of the Maxwell 3D magnetostatic analysis [8].

Adaptive meshing techniques are employed, where the mesh is automatically refined in regions with high
field gradients, such as air gaps and near conductor surfaces in FEM based tools. A finer mesh improves accu-
racy but increases computational cost, requiring a balance between precision and efficiency.

Additionally, adaptive meshing algorithms are employed to ensure an optimal balance between numerical
accuracy and computational efficiency. The solver initially generates a coarse mesh and progressively refines it
based on error estimation criteria derived from field energy variation and magnetic flux density gradients. Re-
gions exhibiting high field concentration, such as air gaps, core edges, and winding proximity zones, are auto-

matically refined to capture leakage flux, fringing effects, and saturation phenomena with higher resolution.
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In practical implementations, different meshing strategies can be applied depending on the complexity of the
geometry and the desired level of accuracy. Within ANSYS Maxwell, both automatic and user-defined mesh
operations are available. These include length-based mesh controls, surface approximation settings, and local
mesh refinement operations applied to specific regions such as core edges, air gaps, and winding conductors.
Length-based meshing, in particular, allows direct control of element size and is especially useful for resolving
regions with high electromagnetic field gradients.

To improve solution robustness, a mesh convergence study is performed by systematically refining the mesh
until variations in key output parameters, such as inductance and core losses, remain within an acceptable tol-
erance range. This ensures that the obtained results are independent of mesh density and numerically stable.

Mesh sensitivity analysis has been widely recognized as a critical step to ensure the reliability and numerical
robustness of finite element simulation results, particularly in electromagnetic designs characterized by strong

leakage flux paths and localized saturation effects [9,23, 24].

Time =0.04s

Figure 11. Core loss variations and mesh distributions of the single-phase shunt reactor (ANSYS Maxwell) [8].

Furthermore, special attention is given to the mesh quality near nonlinear magnetic materials, where the B-H
curve introduces additional convergence sensitivity. In these regions, localized mesh refinement is a pplied to
accurately resolve steep transitions in permeability. The final mesh configuration achieves a trade-off between
computational cost and solution accuracy, ensuring reliable electromagnetic field representation while main-
taining feasible simulation time.

Previous studies have demonstrated that adaptive meshing techniques significantly improve the accuracy of
electromagnetic field simulations, particularly in regions with high field gradients and nonlinear material be-
havior [9], [24]. However, for high-accuracy applications, hybrid meshing strategies that combine automatic
refinement with user-defined controls are often employed to ensure sufficient resolution of critical regions and to

improve overall simulation accuracy.
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Table 3. FEM Approach Simulation Results for Set of Iterations with 13.8kV Operating Voltage and 80K Temperature Rise

[13].

Results 1. 2. 3. 4. 5.
L_total (mH) 9448 892,7 789,8 4704 434,3
L_gap (mH) 765,7 725 644,6 383,3 3629
L_iron (mH) 1,69 1,82 1,55 0,62 0,68
L_leakage (mH) 177,5 165,9 143,6 86,5 70,7
Leakage % 18,8 18,6 18,2 18,4 16,3
Inductance decline % 16,85 10,39 2,34 16,33 7,40

According to the study presented in [13], a high level of agreement is achieved between the Finite Element
Method (FEM) results and the corresponding analytical calculations. This consistency demonstrates that the
FEM-based model accurately captures the electromagnetic behavior of the system, with numerical results closely
matching the analytical predictions in terms of both trend and magnitude.

The power, The Finite Element Method (FEM)-based electromagnetic simulations were conducted to evaluate
the performance of the harmonic filter reactor under realistic operating conditions, considering nonlinear ma g-
netic behavior, complex geometry, and frequency-dependent effects. The numerical analysis performed using
ANSYS Maxwell and COMSOL provides detailed insight into inductance variation, flux density distribution,
and saturation phenomena, which are not fully captured by classical analytical a pproaches [9], [23].

The results indicate that the magnetic flux distribution is highly sensitive to geometric configuration, partic-
ularly air-gap length, core structure, and winding arrangement. Significant flux concentration and fringing ef-
fects are observed in air-gap regions, leading tolocalized increases in magnetic field intensity. These phenomena
directly affect the effective inductance of the reactor and introduce deviations from ideal analytical predictions
based on simplified flux path assumptions [14], [15]. Moreover, nonlinear B-H characteristics of the core material
result in localized saturation under higher excitation levels, which further impacts inductance stability and in-
creases core losses[7], [23].

The mesh refinement study demonstrates that solution accuracy is strongly dependent on mesh density, es-
pecially in regions with steep field gradients such as air gaps and conductor edges. Adaptive meshing in general
ANSYS Maxwell and COMSOL tools improves the resolution of localized electromagnetic effects by iteratively
refining elements based on field energy variation criteria. It is observed that inductance values converge within
an acceptable tolerance range as mesh density increases, confirming the numerical stability and reliability of the
FEM model [8], [23].

Furthermore, comparison with classical analytical models highlights that FEM based results provide signifi-
cantly improved accuracy in predicting inductance and electromagnetic field behavior. Analytical a pproaches
tend to underestimate leakage flux and fringing effects due to idealized assumptions on flux distribution,
whereas FEM inherently captures these effects through direct numerical solution of Maxwell’s equations [14],
[15]. This discrepancy becomes more pronounced in gapped core structures, where magnetic flux paths are

highly non-uniform and strongly influenced by geometric discontinuities.

4. Conclusion

The use of the Finite Element Method (FEM) has become increasingly important in the analysis and design of
harmonic filter reactors, particularly with the growing complexity of modern power systems and the widespread

presence of nonlinear loads. As discussed throughout this study, FEM enables a significantly enhanced predic-



Int. ]. Energy Appl. Sci 2026, 1(1) 27 of 55

tive capability by providing a detailed representation of electromagnetic behavior that cannot be achieved
through conventional analytical methods alone.

FEM-based analyses allow accurate modeling of complex geometries, nonlinear magnetic material properties,
leakage flux paths, and fringing effects, all of which play a critical role in determining reactor performance. In
this context, proper definition of geometry, material characteristics, and mesh quality is essential to obtain relia-
ble and physically meaningful simulation results. These capabilities support more accurate inductance estima-
tion and improved evaluation of reactor behavior under harmonic-rich operating conditions, contributing to
compliance with IEEE 519 power quality requirements.

In addition to accuracy improvements, FEM provides substantial practical advantages for engineers and de-
signers. The ability to perform both 2D and 3D analyses enables flexible investigation of different design con-
figurations and operating scenarios. Furthermore, FEM significantly reduces design and analysis time by mini-
mizing the need for iterative prototyping and experimental validation, allowing faster design cycles and more
efficient optimization processes.

Overall, FEM has evolved into a powerful and indispensable tool in harmonic filter reactor engineering. Its
capability to combine detailed physical modeling with computational efficiency offers significant benefits in
terms of design reliability, performance assessment, and engineering productivity, making it a key enabler for

modern reactor analysis and development practices.
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