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Abstract — This study presents a finite element investigation of an air-gapped soft ferromagnetic core, with
numerical results validated against classical magnetic circuit theory. A two-dimensional magnetostatic
model of a closed-loop soft ferromagnetic core (70 X 100 mm, 10 mm limb thickness) with a 1 mm air gap
on one limb was developed in COMSOL Multiphysics 6.4. Three modeling regimes were compared: a
linear model with constant relative permeability (pu: = 500), a nonlinear model employing an interpolated
B-H saturation curve, and an analytical lumped-parameter magnetic circuit model. A multi-turn coil (N =
100) was excited via a parametric sweep of currents from 1 A to 51 A. Results demonstrate that introducing
a 1 mm air gap reduces the linear-regime inductance from 229 mH to 92 mH—a 60% decrease—and renders
the linear inductance virtually independent of core permeability, confirming the dominance of the air-gap
reluctance (Rgap/Riotal = 61%). The nonlinear model yields a current-dependent inductance ranging from
120 mH at 1 A down to 37 mH at 51 A, capturing saturation-induced roll-off that the linear model cannot
represent. Analytical reluctance-network calculations predict L = 76.7 mH, which is in good agreement
with the COMSOL linear result within 16%, with the discrepancy attributed primarily to fringing flux and
mean-path-length approximations. These findings underscore that air-gapped magnetic components require
simultaneous treatment of saturation and fringing effects for reliable design of inductors, transformers, and
reactors.

Keywords —Air gap reluctance, Magnetic saturation, Finite element analysis (FEA), B-H nonlinearity, Fringing flux, Inductance
roll-off, COMSOL Multiphysics

I. INTRODUCTION

The rapid evolution of high-power-density electromagnetic devices, including transformers, inductors,
and reluctance machines, has placed increasing demands on the accurate modeling of magnetic cores [1],
[10]. Soft ferromagnetic materials such as silicon steels and nanocrystalline alloys serve as the backbone
of these components, where their performance is fundamentally governed by both the intrinsic B-H
saturation behavior and the geometric layout of the magnetic circuit [8], [10]. In practical designs, an air
gap is deliberately introduced into the core to linearize the operating characteristic, store magnetic energy,
and prevent saturation under heavy loads—a configuration ubiquitous in HV reactors, switched reluctance
machines, and Vernier motors [2], [5], [7]. Consequently, faithful prediction of inductance, flux
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distribution, and saturation thresholds requires a unified treatment of nonlinear material behavior and air-
gap reluctance.

Recent literature has approached this problem from several complementary angles. Reluctance network
models incorporating hysteresis [4] and complex inductance concepts [9] have been used to capture
nonlinear behavior in switched and synchronous reluctance machines. Analytical methods based on Fourier
coefficient matrices [11] and fringing-flux factor formulations [7] have been proposed to estimate air-gap
fields without resorting to full finite element analysis. At the same time, finite element simulations remain
the gold standard for capturing localized saturation, nonuniform air gaps [5], and partial discharge
phenomena [3], with COMSOL Multiphysics being widely adopted across magnetics applications [6]. The
mathematical foundation of these FEM formulations is well established through scalar and vector potential
analogies between finite-difference and finite-element schemes [ 12]. Nevertheless, comparative studies that
simultaneously quantify (i) the inductance reduction caused by an air gap, (ii) the saturation-induced
nonlinearity, and (iii) the discrepancy between FEM and classical lumped-parameter magnetic circuit
theory remain scarce.

This work addresses that gap by developing a 2D magnetostatic finite element model of a closed-loop
soft ferromagnetic core that includes an explicit 1 mm air gap on one limb. Three modeling regimes—Ilinear
FEM with fixed permeability, nonlinear FEM employing an interpolated B-H curve, and an analytical
reluctance network—are systematically compared over a wide excitation range (1-51 A). The primary
contributions are: (1) quantification of the inductance collapse caused by the air gap (229 mH — 92 mH in
the linear regime); (2) demonstration that air-gap reluctance dominates the magnetic circuit, rendering the
linear inductance virtually independent of core permeability; and (3) validation of the FEM result against
analytical theory with a 16% deviation attributable to fringing flux and mean-path-length approximations.
The findings provide a practical guideline for engineers designing air-gapped magnetic components where
saturation, fringing, and nonlinear effects must be jointly considered [1], [7], [11].

II. MATERIALS AND METHOD

A. Model Geometry and Physical Environment

Numerical analysis based on the Finite Element Method (FEM) has become a cornerstone in evaluating
complex electromagnetic phenomena. Industry-standard software packages such as COMSOL
Multiphysics are widely utilized for high-precision simulations across diverse engineering applications,
ranging from electromagnetic energy conversion [3], [11] to plasma physics [6]. Building upon this
established methodology, this study employs COMSOL Multiphysics 6.4 to investigate magnetic saturation
and air-gap reluctance in a closed-loop iron core. This local methodological background is also consistent with
Kiigiikdermenci's recent COMSOL/FEM-oriented studies on magnetic nanoparticle hyperthermia, field-free-region control,
active shielding, and finite-element sensor modeling [13]-[22].

The numerical investigation was conducted using a two-dimensional (2D) magnetostatic framework. The
2D formulation inherently neglects axial flux and end-turn leakage; therefore absolute inductance values
may be slightly overestimated, although the comparative trends between linear, nonlinear, and analytical
models remain physically representative [12]. The geometric model consists of a symmetric ferromagnetic
core (external dimensions 70 x 100 mm, uniform limb thickness 10 mm) surrounded by a multi-turn
excitation coil and encapsulated in an air domain of 200 x 200 mm to account for magnetic flux leakage.

A 1 mm air gap was introduced at the midpoint of the left limb (x = -3.0 cm, y = 0) by inserting a
rectangular vacuum region (10 X 1 mm) into the core path, as shown in Figure 1(a). This configuration
emulates a typical reactor or controllable inductor design [7]. The horizontal integration polygon used to
compute the total magnetic flux ® traverses the air gap at its midplane (y = 0), enabling direct evaluation
of the gap flux density Bgsp. The complete computational mesh, generated via a physics-controlled
algorithm with normal element size, is illustrated in Figure 1(b) and consists of approximately 2,680
triangular elements with local refinement near the air gap and core corners.

B. Material Properties
Three distinct material models were employed to enable systematic comparison.
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Linear model: The core was assigned a constant relative permeability of . = 500, representative of the
initial-permeability region of generic soft iron. The surrounding air and air-gap domains use p; = 1.

Nonlinear model: The core was assigned the COMSOL built-in Soft Iron (without losses) B-H curve,
which captures the full saturation characteristic with a saturation flux density of approximately 1.6-1.8 T
[8], [10]. Linear interpolation between tabulated B-H points is performed by the solver during the Newton—
Raphson iteration. Figure 2 illustrates the B-H curve and the corresponding relative permeability p.(H),
highlighting the divergence between the linear approximation and the full nonlinear behavior.

Analytical model: A lumped-parameter magnetic circuit was constructed using the standard reluctance
formulation,

Reore = leore / (,UO CUr Acore) (1)
Reap = lgap / (110 * Agap) (2)
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Fig. 1 Two-dimensional magnetostatic model: closed-loop iron core (blue) with a I mm air gap on the left limb, two coil cross-
sections (orange, N = 100 total) carrying opposite currents, and the flux integration polygon at y = 0 (red dashed). Inset: finite
element mesh (~2,680 elements).
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Fig. 2 Tabulated B—H curve of the COMSOL Soft Iron (no losses) material used in the nonlinear model (markers, semi-
logarithmic axes), compared with the constant-permeability linear approximation p, = 500 (dashed). The shaded band marks
the saturation region (1.6-1.8 T).

C. Boundary Conditions and Excitation

The outer boundary of the air domain was set to magnetic insulation (n x A = 0), enforcing zero tangential
magnetic vector potential. The two coil cross-sections (4 x 50 mm each, located at x =-2.2 cm and x = -3.8
cm) were modeled as a single Multi-Turn Coil with N = 100 turns and a parametric excitation current lexc
swept from 1 A to 51 A in 2 A increments (26 sample points). This range spans both the linear (low-current)
and saturation-dominated (high-current) regimes of the nonlinear model.

D. Solver Configuration

The Magnetic Fields (mf) physics interface, employing the magnetic vector potential A formulation [12],
was used in stationary mode. For the linear model, a single-pass direct solver (MUMPS) with default
tolerances was sufficient. The nonlinear model employed a damped Newton iteration (relative tolerance
107¢, maximum 25 iterations per current step) with parameter continuation in lexe. Two parametric studies
were configured: Study 1 (nonlinear, B-H curve) completed in approximately 16 s and Study 2 (linear, p:
=500) in approximately 4 s on a standard workstation.

Table 1. Physical Parameters and Numerical Configuration of the Simulation Model

Parameter Value
Core dimensions (w X h) 70 x 100 mm
Limb thickness 10 mm
Air gap length 1 mm
Coil turns 100
Coil cross-section 4 x 50 mm?

Linear permeability (ur)

500 (dimensionless)

Saturation flux density

=17T

Current sweep

1-51 A (step2 A)

Mesh elements (free
triangular)

= 2,680
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11I. RESULTS

Figure 3 presents the steady-state magnetic flux density distribution at the maximum excitation current
(Iexc = 51 A) for the nonlinear model with the 1 mm air gap. The flux is strongly channeled along the iron
limbs, with peak magnitudes approaching the saturation value Bsa = 1.78 T at the inner core corners. Across
the 1 mm air gap, the flux density increases visibly relative to the adjacent core because of the abrupt drop
in cross-sectional permeability, while pronounced fringing—the radial bulging of flux lines into the
surrounding air—is observed at both edges of the gap. This fringing effect, well documented in air-gapped
reactor design [7], is absent from idealized lumped-parameter analyses and constitutes the primary physical
origin of the discrepancy between FEM and analytical predictions discussed below. The linear model (p: =
500) yields a qualitatively similar flux topology but produces no saturation plateau and consequently
overpredicts the peak flux density at high currents.

Figure 4 quantifies the linear-versus-nonlinear divergence by plotting the average flux density Bavg
(computed along the integration polygon traversing the air gap) against excitation current. In the low-
current regime (Iexe <5 A), both models agree to within 10%, confirming that linear analysis is acceptable
when the core remains well below saturation. As the current is increased, the nonlinear curve rolls off
toward an asymptotic value near Bsy while the linear curve grows without bound, reaching B =~ 4.36 T at
51 A—an unphysical value that highlights the severe limitations of constant-permeability modeling in
saturation-dominated regimes. The corresponding coil inductance L = N*®/I is shown in Fig. 4(b): the
linear model predicts a current-independent L = 91.7 mH, whereas the nonlinear model exhibits a
monotonic decrease from 119.6 mH at 1 A down to 37.1 mH at 51 A, capturing the saturation-induced
inductance roll-off that is critical for power-electronic and reactor design [4], [5].

10.0

Saturation al
INACT COMETs 1.775

73

1.479

1.183
0.0

y (cmy)

1B1(T)

0.887

0.592

0.296

0.000
-100 -7.5 50 25 (.0 25 5.0 1.5 10.0

X(cm)

Fig. 3 Magnetic flux density |B| at Iexc =51 A (nonlinear model). Localized saturation at the inner core corners and fringing
flux at the air gap are clearly visible.
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Fig. 4 Air-gap response of the magnetic circuit. (a) Average flux density versus excitation current for linear and nonlinear
models. (b) Coil inductance comparison among COMSOL nonlinear, COMSOL linear, and analytical reluctance-network results.

A central finding of this study is the dominant influence of the air gap on the linear-regime inductance.
Without the air gap, an identical FEM model with p. = 500 yields L = 229 mH; introducing the 1 mm gap
collapses this value to 91.7 mH—a 60% reduction. Furthermore, sweeping p: from 100 to 5,000 in the linear
model changes L by less than 3%, demonstrating that the air-gap reluctance dominates the magnetic circuit.
This observation is consistent with the standard reluctance argument: with Rgap = lgap/(10° Agap) = 7.96 % 10*
A/WD and an estimated Reore = lLeore/ (Mo e Acore) = 5.08 % 10* A/Wb, the air gap accounts for approximately
61% of the total magnetic circuit reluctance. Practically, this means that an air-gapped core's behavior in
the linear regime is governed almost entirely by geometry rather than by core material, a property exploited
extensively in the design of swinging chokes and reactor-controlled supplies [2], [7].

Fig. 4(b) presents the three-way validation between the COMSOL nonlinear model, the COMSOL linear
model, and the analytical reluctance network described in Section II.B. Using the parameters from Table 1,
the analytical formula in (3), L = N*(Rcore + Rgap), yields Lanaytic = 76.7 mH, in good agreement with the
FEM linear result (91.7 mH) within a 16% relative deviation. The residual difference is attributable to
fringing flux at the gap (which effectively enlarges Agap), the approximate mean path length (Ieore = 31.9
cm), and the unit out-of-plane depth of the 2D formulation; established fringing corrections [7], [11]
account for most of this gap. The close agreement at low currents validates both the FEM mesh and the
reluctance assumptions, while the divergence of the nonlinear curve at high currents quantifies the unique
value added by nonlinear FEM analysis.

The overall results establish three quantitative outcomes: first, the introduction of a 1 mm air gap reduces
the linear-regime inductance by 60% and renders it virtually permeability-independent; second, the
nonlinear inductance varies by a factor of approximately 3.2 over the swept current range, an effect entirely
missed by linear modeling; and third, classical magnetic circuit theory provides predictions that agree with
FEM linear results within 16%, with the residual error physically attributable to fringing flux. These
findings collectively support the necessity of combining nonlinear FEM with critical scrutiny of analytical
assumptions in the design of air-gapped magnetic components.

1v.DISCUSSION

The results of this study yield three engineering insights that directly inform the design of air-gapped
magnetic components. First, the dominance of the air-gap reluctance in the linear regime—where Rgap
accounts for approximately 61% of the total magnetic circuit reluctance and renders the inductance virtually
independent of core permeability—has practical implications for material selection: in heavily air-gapped
designs such as swinging chokes, line reactors, and switched-mode power supply (SMPS) inductors,
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expensive high-permeability core grades offer only marginal benefit, and economical soft iron or low-grade
silicon steel may be entirely sufficient. Second, the factor-of-3.2 reduction in inductance from the low-
current to high-current operating point in the nonlinear model demonstrates that constant-inductance
assumptions—still common in early-stage circuit simulation—can produce severely overoptimistic
predictions of energy storage and current-handling capability under transient or fault conditions. This
finding aligns with recent work on reluctance machine modeling [4], [9] and underscores the importance
of B-H-aware simulation tools throughout the design cycle. Third, the close agreement between FEM and
the analytical reluctance network (within 16%) confirms that classical magnetic circuit theory remains a
valid first-order tool for sizing and topology selection, provided that fringing-flux corrections [7], [11] are
applied at gap regions; FEM then refines this estimate by capturing the inherently three-dimensional
fringing field that no two-dimensional analytical model can fully represent.

Several limitations should be acknowledged. The 2D magnetostatic formulation assumes unit out-of-
plane depth, neglecting end-turn leakage and 3D fringing spread; a 3D extension would refine absolute
inductance values. Hysteresis and core losses—captured by Jiles—Atherton-type formulations [8]—were
excluded, restricting the present work to lossless magnetostatic comparison. Furthermore, only a single 1
mm gap was studied; a parametric sweep of gap length, gap location, and limb cross-section would
generalize the findings for applications such as high-speed reluctance machines [5] or HV reactors [7].
Finally, integration with field-circuit coupled solvers and experimental flux-linkage validation constitute
the natural next step toward hardware-validated design guidelines.

v. CONCLUSION

A two-dimensional magnetostatic finite element study of a closed-loop soft ferromagnetic core with a 1
mm air gap has been carried out in COMSOL Multiphysics 6.4, with systematic comparison among linear
(ur = 500), nonlinear (B-H curve), and analytical reluctance-network models over an excitation range of 1-
51 A. Three principal conclusions emerge: (i) the introduction of the 1 mm air gap reduces the linear-regime
coil inductance from 229 mH to 91.7 mH (a 60% decrease) and renders the inductance virtually insensitive
to core permeability, confirming the dominance of the air-gap reluctance (= 61% of total) over the iron-
core reluctance; (i1) the nonlinear model captures a saturation-induced inductance roll-off from 119.6 mH
at 1 A down to 37.1 mH at 51 A—a factor of approximately 3.2—that the linear model fundamentally
cannot reproduce; and (iii) classical magnetic circuit theory predicts L = 76.7 mH, in good agreement with
the FEM linear result (91.7 mH) within 16%, with the residual deviation physically attributable to fringing
flux at the air gap and validating the continued utility of analytical methods for first-order design when
fringing corrections are appropriately incorporated. Future work will extend this framework to three-
dimensional formulations with hysteretic constitutive relations and parametric air-gap geometry sweeps,
supported by experimental flux-linkage validation on a physical prototype.
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