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ABSTRACT Soft-switching inverters are essential for achieving high efficiency and low electromagnetic
interference (EMI) in electric vehicle (EV) drive systems. However, designing filter inductors for such
converters remains challenging. In sinusoidal triangular current mode (S-TCM)-based zero-voltage-
switching (ZVS) inverters, the inductor is subjected to large triangular current ripple, intentional bidirectional
current operation for ZVS, and variable switching frequency, making conventional fixed-frequency PWM
inductor design approaches unsuitable. This paper presents a systematic design methodology for a high-
power filter inductor specifically developed for S-TCM-based ZVS inverters. The proposed methodology
combines analytical design calculations, experimental characterization of the magnetic material, and finite-
element-method (FEM)-based electromagnetic and loss analysis. A 3C91 ferrite pot core and three winding
configurations—Litz wire, copper foil, and solid copper wire—were investigated. The inductance of the
designed inductors was validated experimentally and through FEMM and ANSYS simulations, while
magnetic and winding losses were evaluated using FEM-based simulations in ANSYS. The core-loss
coefficients of the 3C91 ferrite material were also experimentally determined for accurate loss estimation.
Two parallel inductors per phase were employed to satisfy the required inductance and current-handling
capability. The proposed methodology provides a practical framework for the systematic design and
evaluation of high-power filter inductors by enabling accurate prediction of inductance, magnetic losses,
winding losses, and thermal performance for S-TCM-based ZVS inverters used in EV powertrains and other
high-frequency power conversion systems.

INDEX TERMS Electric vehicle (EV) drive systems, filter inductor design, sinusoidal triangular current
mode (S-TCM), zero-voltage switching (ZVS), finite element analysis (FEA), ferrite core characterization,
winding design, core loss modeling.

I. INTRODUCTION
Electric vehicle (EV) technology is rapidly evolving to meet
the growing demand for higher efficiency and higher power
density [1]. These improvements directly impact overall
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performance, driving dynamics, and driving range, which are
critical goals for the EV industry [2]. A critical component
of EV powertrain systems is the traction inverter, which
converts DC power from the battery into AC power for the
motor. Therefore, the design and optimization of the traction
inverter significantly influence the performance, efficiency,
and reliability of EVs [1].
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FIGURE 1. Schematic and operational characteristics of a TCM-based ZVS inverter for an EV drive system: (a) Circuit schematic with filter
inductors. (b) Variation in filter inductor current for one fundamental cycle. (c) Corresponding variable switching frequency for one
fundamental cycle.

The EV industry has traditionally relied on IGBT-
based inverters using pulse-width modulation (PWM)
techniques [3]. However, the emergence of wide bandgap
(WBG) materials, particularly silicon carbide (SiC), has
enabled improvements in inverter efficiency, power density,
and switching performance due to their higher switching
capability, lower switching losses, and superior thermal
performance [4]. Despite these advantages, the high-speed
switching characteristics of SiC devices introduce significant
electromagnetic interference (EMI) challenges [5], such as
high-voltage slew rates (dv/dt) and the generation of high-
frequency common-mode voltages [6]. To address these
issues, soft-switching techniques [7], such as zero-voltage
switching (ZVS) [8], have been widely adopted. ZVS
minimizes switching losses by ensuring that the voltage
across the switch is approximately zero during switching
transitions.

To achieve ZVS in a half-bridge configuration, triangular
current mode (TCM) operation is employed, where the
inductor current is intentionally driven into a bidirectional
triangular waveform to provide the required commutation
current for soft switching [9]. The peak value of the
triangular current follows a sinusoidal envelope, enabling
ZVS operation over a wide operating range. For this purpose,
an LC low-pass filter is placed between the inverter output
and the motor terminals, as illustrated in Fig. 1(a). While
dv/dt filters are commonly adopted in many EV drive systems
to limit voltage slew rates and suppress high-frequency EMI,
the LC filter considered in this work is selected according to
the current ripple requirements and operating characteristics
of the TCM-based ZVS inverter.

In a TCM-based ZVS inverter, the filter inductor performs
two primary functions. First, it enables turn-on ZVS by
briefly resonating with the switch capacitance at the peak
of the bidirectional current [10]. Second, it serves as an
essential inductive element in the LC filter, attenuating the
high-frequency current ripple through the filter capacitor to
provide smooth, sinusoidal voltage and current waveforms
for the motor [5], thereby enhancing power quality and
minimizing EMI in the drive system.

A sinusoidal-TCM (S-TCM) modulation scheme as
described in [11] is used in the ZVS inverter as illustrated
in Fig. 1(b). This modulation technique bounds a sinusoidal

reference current within a predefined band, ensuring that
the inductor current remains within controlled limits. The
S-TCMmodulationmethod plays a critical role in shaping the
inductor current waveform, thereby achieving soft switching
and significantly reducing switching losses [12]. Unlike
conventional fixed-frequency PWM, S-TCM employs a
variable switching frequency to maintain ZVS over a wide
operating range, resulting in varying switching cycles as
shown in Fig. 1(c). Consequently, the inductor current
consists of a low-frequency fundamental component with
a large high-frequency triangular ripple component. This
ripple is intentionally introduced to achieve soft-switching
operation, but it also significantly affects the magnetic
operating conditions of the inductor.

The unique current characteristics of S-TCM significantly
influence the filter inductor design. The large bidirectional
ripple current increases the peak and RMS current stresses,
affecting conductor sizing, copper losses, magnetic flux
density variation, and saturation limits. Furthermore, the
variable switching frequency changes the magnetic excita-
tion conditions, resulting in frequency-dependent core and
winding losses. Therefore, conventional inductor design
approaches developed for fixed-frequency PWM convert-
ers cannot be directly applied to S-TCM-based ZVS
inverters.

The implementation of a TCM-based ZVS inverter enables
highly efficient EV drive systems, with inverter efficiency
reaching approximately 99.5% [2], [13]. However, enhancing
inverter efficiency alone does not guarantee optimal system
performance. Minimizing losses in other components, partic-
ularly the filter inductor, is crucial to achieving the desired
overall efficiency [14].

The inductor losses mainly consist of core and winding
losses. Core losses depend on magnetic flux density variation
and excitation frequency, whereas winding losses are affected
by DC resistance and high-frequency AC effects, including
skin and proximity effects [15], [16]. Therefore, accurate
estimation of these losses is essential for designing high-
current inductors for S-TCM-based ZVS operation.

For the considered 100 kW EV traction application, the
inductor experiences peak currents up to 660 A with signif-
icant current ripple. Such demanding operating conditions
require careful selection of the magnetic core, air-gap length,

VOLUME 14, 2026 125673



K. Abbas et al.: Design of a High-Power Filter Inductor

TABLE 1. Comparison of inductor designs based on literature.

and winding configuration to achieve low losses while
avoiding core saturation and excessive thermal stress.

A. RESEARCH GAP
Several studies have investigated high-current inductor
design, focusing on magnetic-core selection, air-gap opti-
mization, andwinding technologies to reduce core and copper
losses [17], [18], [19], [20], [21]. Various magnetic mate-
rials, core geometries, air-gap configurations, and winding
technologies, including Litz wire, copper foil, and solid
conductors, have been explored, as summarized in Table 1.

As shown in Table 1, most existing design methodologies
have been developed for conventional PWM converters or
soft-switching converters operating at fixed or narrow-range
switching frequencies. Consequently, they do not explicitly
consider the large triangular current ripple, intentional
bidirectional current operation, and continuously varying
switching frequency inherent to S-TCM-based ZVS inverters.
Although [17] investigated a filter inductor for a TCM-
based ZVS inverter, the design targeted partial-load operation
with lower current requirements. Therefore, a comprehensive
design methodology that simultaneously addresses high
current stress, large ripple current, variable switching fre-
quency, core selection, air-gap optimization, andwinding loss
evaluation for high-power S-TCM-based ZVS inverters is still
lacking.

To address this gap, this paper proposes a systematic
magnetic designmethodology for a high-power filter inductor
used in S-TCM-based ZVS inverters. The proposed method-
ology integrates analytical design calculations, experimental
magnetic characterization, and FEM-based electromagnetic
and loss analysis to optimize the core structure, air-gap
length, and winding configuration under realistic EV traction
inverter operating conditions.

B. RESEARCH OBJECTIVES AND CONTRIBUTIONS
This paper presents a systematic design methodology for a
high-power filter inductor for S-TCM-based ZVS inverters
operating with large ripple current and variable switching
frequency.

The main contributions of this work are summarized as
follows:

1) A magnetic design methodology is developed that
incorporates the S-TCMcurrent waveform and variable

switching-frequency operation into the selection of
the inductance, magnetic core, air gap, and winding
configuration.

2) The effects of air-gap length and fringing flux on induc-
tance, magnetic field distribution, and winding losses
are investigated using analytical calculations, finite-
element simulations, and experimental validation,
providing practical guidelines for air-gap selection.

3) Litz wire, copper foil, and solid copper windings
are quantitatively evaluated under identical operating
conditions using finite-element simulations to compare
their DC losses, AC losses, and overall suitability for
high-current S-TCM-based ZVS applications.

4) A high-power filter inductor for a 100 kW EV traction
inverter is designed and evaluated through finite-
element simulations, demonstrating reliable operation
under high-current and variable-switching-frequency
conditions.

II. SYSTEM SPECIFICATIONS
Fig. 1(a) illustrates the filter inductor configuration in a
capacitor-decoupled TCM-based ZVS three-phase inverter
for EV drive systems. The corresponding system specifica-
tions are shown in Table 2.

TABLE 2. Specifications of EV inverter.

For S-TCM modulation, the required filter inductance is
given by [11]:

Lf ≥
Vdc/4

fsw(min)(t)1iL(t)

[
1 −M2 sin2(ωact)

]
, (1)

where Vdc is the DC-link voltage, 1iL(t) is the peak-to-
peak ripple current of inductor, fsw(min)(t) is the minimum
switching frequency, andM is the modulation index.
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The minimum switching frequency is selected as 50 kHz
to ensure a practical balance between switching losses and
the size of the magnetic components. A lower switching
frequency would increase the required inductance, leading to
bulky and less efficient magnetic components. With 50 kHz,
the required inductance remains feasible, and the com-
ponent volume is minimized, yielding an inductance of
approximately 0.72 µH.
The fundamental frequency varies from 0 to 500 Hz in the

EV drive system depending on the motor operating speed.
For the inductor design and loss evaluation, a representative
fundamental frequency of 50 Hz is selected. Although the
fundamental frequency influences the low-frequency current
envelope, the dominant inductor losses are primarily caused
by the high-frequency triangular current ripple and the
variable switching frequency introduced by the S-TCM
operation.

The filter inductor design considers two key operating
scenarios: peak power (100 kW) during short-duration
acceleration, where maximum currents must not saturate
the core, and continuous cruising power (30 kW), which
governs thermal stability. Table 3 summarizes the inductor’s
performance characteristics for both operational modes.

TABLE 3. Specifications of filter inductor.

In the proposed system, the inductor current comprises two
main components of comparable magnitude: the fundamental
sinusoidal component and the high-frequency triangular
component. The inductor’s RMS current must account for
both contributions, given by

IL,rms =

√
Î2sin
2

+
Î2tri
3

, (2)

where Îsin is the sinusoidal output current and Îtri is the peak
of the triangular switching current.

III. INDUCTOR DESIGN CONSIDERATIONS
The proposed filter inductor design methodology is illus-
trated in the flowchart shown in Fig. 2. Based on the system
specifications presented in Section II, the design process
first establishes the magnetic requirements imposed by the

FIGURE 2. Flowchart of the filter inductor design methodology.

S-TCM-based ZVS operation and subsequently determines
the core, number of turns, air-gap length, and winding
configuration.

A. INFLUENCE OF S-TCM-BASED ZVS OPERATION ON
INDUCTOR DESIGN
The operating characteristics of the S-TCM-based ZVS
inverter directly determine the electrical and magnetic
requirements of the filter inductor. Based on the S-TCM
current ripple requirement, the minimum filter inductance
is selected as 0.72 µH, as derived in Section II. Under the
rated 100 kW operating condition, the inductor current varies
from −30 A to 630 A, resulting in a peak-to-peak ripple
current of 660 A.

These operating conditions directly define the magnetic
design requirements. The magnetic core must provide
sufficient cross-sectional area and withstand the required
flux density variation without saturation under the maximum
current variation. Therefore, the air-gap length and number
of turns are determined based on the required inductance
and maximum allowable flux density. Furthermore, the
variable switching-frequency operation of S-TCM requires
a core material with low magnetic losses over the operating
frequency range, while the large high-frequency ripple
current requires a winding configuration that minimizes AC
losses caused by skin and proximity effects.

Accordingly, the core selection, number of turns, air-gap
design, and winding configuration presented in the following
subsections are derived from the operating requirements
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of the S-TCM-based ZVS inverter rather than conventional
PWM operation. Although the presented design is developed
for S-TCM operation, the same design methodology can
be extended to other modulation strategies by updating
the required inductance, current ripple, switching-frequency
range, and soft-switching requirements according to the
corresponding inductor current waveform.

B. CORE SELECTION
The selection of the magnetic core material and geometry
significantly influences the performance of the filter inductor,
affecting core losses, inductance, saturation behavior, thermal
performance, and energy storage capability [22]. The core
material determines the magnetic loss characteristics and
maximum flux density, while the core geometry defines the
available magnetic cross-sectional area, winding window,
and magnetic field distribution.

MnZn ferrites are widely used in high-frequency power
electronic applications due to their low core losses,
high electrical resistivity, and good thermal stability [23].
These properties make ferrite materials suitable for high-
frequency and high-power applications, such as EV traction
inverter systems. However, under high-current excitation, the
increased magnetizing force can drive the magnetic core
toward saturation, reducing inductance and increasing losses.
Therefore, an air gap is introduced to increase the magnetic
reluctance, reduce the effective permeability, improve the
linearity of the B–H characteristic, and enhance the energy
storage capability of the inductor [24].
The core geometry also affects the magnetic field dis-

tribution and electromagnetic compatibility of the inductor.
Pot-core geometries provide effective magnetic flux confine-
ment by enclosing the winding structure, thereby reducing
external leakage fields and EMI emissions [19]. This
feature is particularly beneficial in EV drive systems where
compact integration and electromagnetic performance are
critical.

In this work, the commercially available P66/56-3C91 pot
core [25] is selected because it provides sufficient magnetic
cross-sectional area and winding window to accommodate
the required current, energy storage capability, and wind-
ing arrangement. Furthermore, its commercial availability
enables practical implementation and experimental validation
of the proposed inductor design. The material properties and
geometric parameters of the selected core are summarized
in Table 4.

C. NUMBER OF TURNS CALCULATION
The number of turns is a key design parameter in determining
the inductance and flux density within the core. In a TCM-
based ZVS inverter, the inductor experiences a large current
ripple, leading to a maximum flux density Bmax.

The number of turns (N ) is calculated by

N =
L · Ipk
Bmax · Ae

, (3)

TABLE 4. Material and geometric specifications of the P66/56-3C91
ferrite core.

L is the inductance, Ipk is the peak current, Ae is the
effective core cross-sectional area, and Bmax is the maximum
flux density.When L, Ipk, andBmax are fixed,N is determined
by the effective core cross-sectional area Ae.

D. AIR GAP LENGTH SELECTION
A single air gap is introduced in the center of the core leg.
This air gap helps regulate the inductance while ensuring that
the core is not saturated.

The inductance is given by

L =
N 2

R
=

µ0N 2(
lg
Amin

+
le

µrAe

) , (4)

where L is the inductance, N is the number of turns,R is the
magnetic reluctance,µ0 is the permeability of free space, lg is
the air gap length, Amin is the minimum core cross-sectional
area, le is the effectivemagnetic path length,Ae is the effective
core cross-sectional area, and µr is the relative permeability
of the core material.

For peak-peak inductor current (660 A), the filter inductor
requires an air gap length of 9.2 mm, as calculated using (4).
Table 5 summarizes the key parameters for the filter inductor
design.

TABLE 5. Filter inductor key parameters.

E. WINDING SELECTION
The winding conductor must be designed to carry the rated
current while maintaining acceptable copper losses and
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thermal performance. For the 30 kW operating condition, the
calculated RMS inductor current is IL(rms) = 86A.
The inductor current consists of a low-frequency funda-

mental component superimposed with a high-frequency tri-
angular ripple generated by the S-TCM switching operation.
Therefore, the conductor is sized based on the RMS current,
which determines the copper losses and thermal loading,
rather than the peak current.

An RMS current density of Jrms = 3.5A/mm2 is selected
as the design criterion. This value provides a practical
compromise between conductor cross-sectional area, copper
losses, thermal performance, and winding compactness.

The required conductor cross-sectional area is calcu-
lated as,

Aconductor =
IL(rms)

Jrms
=

86
3.5

≈ 24.6mm2. (5)

The selected conductor area is subsequently evaluated by
calculating the DC and AC winding losses over the operating
frequency range. Three winding configurations, namely Litz
wire, copper foil, and solid round copper wire, are considered
to satisfy the required conductor area while minimizing
winding losses.

1) LITZ WIRE
Litz wire is widely used in high-frequency power electronic
applications to reduce AC winding losses caused by skin
and proximity effects [26]. It consists of multiple insulated
strands twisted together to improve current distribution and
reduce high-frequency losses [27]. The selection of Litz wire
requires a trade-off between reduced eddy-current losses and
increased DC resistance due to insulation and reduced copper
fill factor. Therefore, the strand diameter and number of
strands are selected to minimize the total winding loss.

The skin depth is calculated as

δ =

√
ρ

π f µ0
,

where ρ is the conductor resistivity andµ0 is the permeability
of free space.

Considering the high-frequency S-TCM operation, the
calculated skin depth is approximately 0.1mm. Therefore,
the maximum allowable strand cross-sectional area is

Astrand = πδ2 = π (0.1)2 = 0.0314 mm2.

Based on the required conductor cross-sectional area
of 24.6mm2, the required number of strands is

Nstrand =
Aconductor
Astrand

=
24.6
0.0314

≈ 784.

Therefore, a commercially available Litz wire consisting
of 800 strands, each with a radius of 0.1mm [28], is selected.
The selected Litz wire satisfies the required conductor area
and fits within the available winding window. The parameters
of the selected Litz wire are summarized in Table 6.

2) COPPER FOIL
Copper foil is widely used in high-current inductors due
to its large conductor surface area, which reduces DC
resistance and improves heat dissipation [29]. However, the
foil thickness must be carefully selected to reduce AC losses
caused by skin and proximity effects [30].

For the proposed inductor, a copper foil thickness
of 0.2mm [31] is selected considering AC loss perfor-
mance, mechanical handling, and commercial availability.
The selected thickness is comparable to the skin-depth
requirement under the high-frequency excitation introduced
by the S-TCM operation, thereby limiting additional eddy-
current losses. The available winding window limits the foil
width to 38mm, and a practical width of 36mm is selected.
The cross-sectional area of one foil is

Afoil = 0.2 × 36 = 7.2 mm2.

The required number of parallel foils is calculated as

Nfoil =
24.6
7.2

= 3.42.

Therefore, four parallel copper foils are selected to satisfy
the required conductor area while fitting within the available
winding window. The specifications of the selected copper
foil are summarized in Table 6.

3) SOLID ROUND COPPER WIRE
Solid round copper wire is an attractive winding option
because of its low cost, simple fabrication, and wide com-
mercial availability. However, at high switching frequencies,
its AC resistance increases due to skin and proximity effects,
which must be considered during conductor selection [32].

For the proposed inductor, the solid conductor size
is selected based on the required copper cross-sectional
area of 24.6mm2 while maintaining compatibility with the
available core window. Multiple parallel solid conductors
are used to achieve the required current-carrying capability
and to reduce the impact of high-frequency AC resistance.
The selected conductor arrangement provides a practical
compromise between copper utilization, manufacturability,
and winding losses. The specifications of the selected solid
copper conductors are summarized in Table 6.

IV. RESULTS AND DISCUSSIONS
This section presents the results of the inductor design,
including inductance estimation, factors influencing induc-
tance, core saturation analysis, power loss analysis, and
power dissipation of inductors.

A. INDUCTANCE ESTIMATION AND MEASUREMENT
Inductance estimation was performed using both FEMM and
ANSYS Maxwell to enable cross-validation and improve
confidence in the results. Introducing an air gap in the
ferrite pot core highlights the effect of fringing flux, which
significantly influences the total inductance and is not
captured in analytical models that ignore fringing.
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FIGURE 3. Impact of air gap length on the fringing field and inductance using FEMM simulation for a 30 kW power Litz-based inductor. (a) Air gap
length = 2 mm. (b) Air gap length = 4 mm. (c) Air gap length = 6 mm. (d) Air gap length = 8 mm. (e) Air gap length = 9.2 mm.

TABLE 6. Winding specifications.

1) IMPACT OF AIR GAP LENGTH ON FRINGING FLUX
Fringing flux occurs around the air gap as magnetic flux
lines spread outward while passing through the non-magnetic
gap. This increases the magnetic field’s cross-sectional area,
reducing flux density, known as the fringing field effect [33].

The influence of air-gap length on the fringing flux
distribution was investigated using FEMM simulations with
Litz-wire windings while maintaining a constant operating
frequency and current, as illustrated in Fig. 3. The air-gap
length was varied from 2 mm to 9.2 mm.

The simulation results show that increasing the air-gap
length causes the magnetic flux to spread progressively into
the surrounding air. For small air gaps, the fringing field
remains localized near the center leg of the pot core, as shown
in Fig. 3(a) and Fig. 3(b). As the air-gap length increases
further, the fringing field extends significantly beyond the
center leg and into the surrounding region, as illustrated
in Fig. 3(c)–(e).

Increasing the air-gap length increases the magnetic
reluctance, which reduces the overall inductance. However,
the resulting fringing field enlarges the effective magnetic

cross-sectional area around the air gap, leading to inductance
values that are higher than those predicted by analytical
models that neglect fringing effects. At the same time,
the extended fringing field penetrates the nearby wind-
ings, increasing eddy-current losses and the AC winding
resistance.

To minimize these additional winding losses, the conduc-
tors are positioned away from the air-gap region, thereby
reducing their exposure to the fringing field. Therefore,
the air-gap length must be carefully selected to achieve an
appropriate balance among energy-storage capability, core
saturation margin, inductance accuracy, and winding losses.

2) FRINGING FIELD EFFECT IN DIFFERENT INDUCTORS
Fig. 4 shows the fringing field effect in three different
inductors, simulated using FEMM. In the Litz wire inductor,
the flux is concentrated near the air gap length, with a small
amount of fringing flux extending into the outer leg of the
pot core. In the foil winding inductor, the fringing flux is
concentrated on the top layer of the foil, close to the air gap.
In the solid copper wire inductor, the fringing flux extends all
over to the outer leg of the pot core. These variations affect
AC resistance and winding losses differently in each design.

FIGURE 4. Fringing field effect in different inductors using FEMM
simulation at 8 mm air gap length. (a) Litz-inductor. (b) Foil-inductor.
(c) Solid wire-inductor.
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3) EXPERIMENTAL DESIGN OF DIFFERENT INDUCTORS
To validate the analytical and simulation results, prototypes
of the three proposed inductor configurations were fabricated
using Litz wire, copper foil, and solid round copper wire,
as shown in Fig. 5. The inductance of each prototype was
measured using a Bode 100 impedance analyzer, as illustrated
in Fig. 6.

FIGURE 5. Experimental prototypes of the designed inductors. (a) Litz
wire inductor. (b) Copper foil inductor. (c) Solid round copper wire
inductor.

FIGURE 6. Inductance estimation using Bode 100.

4) IMPACT OF AIR GAP LENGTH ON INDUCTANCE
The inverse relationship between inductance and air gap
length is demonstrated in Fig. 7.

As the air gap increases, inductance decreases due to
the reduced total permeance. The analytical model, which
neglects the fringing field effect, predicts lower inductance
values compared to FEMM simulations, which account for
fringing flux and show higher inductance. This deviation
grows with larger air gaps, emphasizing the importance of
considering fringing flux in practical designs. Experimental
results align closely with FEMM simulations, confirming
the model’s accuracy and highlighting the limitations of the
analytical approach.

5) SELECTION OF 8 MM AIR GAP OVER 9.2 MM
An ideal analytical model, which neglects the fringing-field
effect, suggested a 9.2 mm air gap to achieve an inductance
of 0.72 µH. However, FEMM simulations revealed that
the fringing field becomes significantly more pronounced
at this air-gap length. Therefore, an 8 mm air gap was
selected because it better confines the magnetic field around

FIGURE 7. Inductance variation with air-gap length for the ferrite
pot-core inductor: analytical calculation without fringing effects, FEMM
simulation including fringing effects, and experimental measurement
using Litz-wire winding.

the air-gap region, reducing the exposure of the winding
to the fringing field. Based on the observed fringing-
field distribution, this is expected to reduce the additional
AC winding losses associated with fringing flux while
maintaining the required inductance.

6) COMPARISON OF INDUCTANCE MEASUREMENTS AT
8 MM AIR GAP
Table 7 compares inductance values obtained through ana-
lytical calculations (ignoring fringing), FEMM simulations,
ANSYS Maxwell, and experimental measurements. The
analytical model significantly underestimates inductance due
to disregarding the fringing effects. FEMM and ANSYS
simulations closely match experimental results, confirming
their reliability. Litz wire and solid wire inductors show better
alignment between FEMM and experimental data, while the
copper foil shows a minor discrepancy with ANSYS.

TABLE 7. Inductance estimation at 8 mm air gap by analytical, simulated,
and experimental methods.

7) OPTIMIZATION OF INDUCTOR GEOMETRY TO ACHIEVE
TARGET INDUCTANCE
An 8 mm air gap results in nearly twice the required
inductance. To achieve the target of 0.72 µH, two configu-
rations were evaluated: (1) two parallel inductors with three
turns each, and (2) a single inductor with two turns. Table 8
summarizes the inductance and average switching frequency
with varying switching cycles for both setups at 100 kW.

Although both configurations provide inductance values
slightly higher than the analytical target, the difference has
limited impact on the current ripple because the S-TCM
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TABLE 8. Inductor inductance and switching frequency at maximum
power.

current reference is controlled by the inverter operation.
However, the increased inductance affects the switching-
frequency range, which may influence the output voltage
ripple and the associated magnetic and semiconductor losses.
Therefore, the final configuration is selected considering
the trade-off between inductance accuracy, winding losses,
thermal performance, and practical implementation.

B. CORE SATURATION RISK ASSESSMENT FOR
HIGH-POWER OPERATION
At 100 kW, analytical calculations using (3) indicate peak
flux densities of 220 mT for the 3-turn parallel inductor
and 331 mT for the 2-turn single inductor. The 3C91
datasheet [25] specifies a saturation threshold of 320 mT
at 100◦C and 25 kHz. As shown in Fig. 8, the 3-turn parallel
configuration exhibits a more uniform flux distribution with
reduced fringing, whereas the 2-turn design shows higher flux
concentration and pronounced fringing, increasing the risk of
localized saturation.

FIGURE 8. Magnetic flux density and fringing field in different inductor
configurations using FEMM simulation. (a) 3-turn parallel inductor.
(b) 2-turn single inductor.

The 2-turn inductor also conducts the full current through
a single winding, leading to higher copper losses and elevated
winding and core temperatures. Combined with increased
flux and frequency, this raises core losses and thermal stress.

Thus, the 2-turn inductor is less suitable for high-power
operation due to:

• Excessive magnetic flux density, exceeding the core’s
saturation limit,

• Higher fringing fields leading to local hot spots and
possible localized saturation,

• Increased copper losses due to full current conduction
through a single winding,

• Greater core losses from elevated flux and frequency,
risking thermal runaway.

The 3-turn parallel configuration is preferred, as it
mitigates core saturation risk, reduces thermal stress, and
ensures reliable high-power operation.

C. INDUCTOR POWER LOSS ANALYSIS
To accurately evaluate the core and winding losses of the
proposed parallel inductor design across different winding
configurations in a P66/56 core, the 3C91 ferrite loss coeffi-
cients are first determined experimentally. These coefficients
are subsequently used in finite-element simulations to predict
losses under realistic operating conditions.

1) EXPERIMENTAL DETERMINATION OF 3C91 CORE LOSS
PARAMETERS
The core loss parameters K , α, and β, known as Steinmetz
parameters, are experimentally determined by measuring
the core losses of 3C91 magnetic material across a range
of excitation frequencies and peak magnetic flux densities
(100 mT to 250 mT). These parameters are derived using the
Steinmetz equation:

Pc = Kf αBβ , (6)

where Pc is the core-loss density (W/m3), f is the excitation
frequency (Hz), B is the peak magnetic flux density (T), and
K , α, and β are material-dependent Steinmetz coefficients.

The experimental setup, as illustrated in Figure 9, com-
prises several key components. The Core Under Test (CUT)
is a pot core made of 3C91 material from Ferroxcube. It is
wound with 3 turns of 1.6 mm diameter solid copper wire
for AC excitation. A resonance circuit is utilized to drive
the CUT. Different capacitors are used to achieve resonance
at the selected test frequencies. A signal generator produces
a sinusoidal voltage waveform, while a power amplifier
drives the CUT at sufficient excitation levels without core
saturation. An isolation transformer is used to prevent ground
loops during measurements, with a digital oscilloscope
monitoring waveforms.

FIGURE 9. Experimental setup for core characterization.
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The measurement system includes a digital oscilloscope to
monitor voltage and current waveforms. Data acquisition is
conducted viaUSB, capturing input voltage, inductor voltage,
and resistor voltage to facilitate core loss calculations.

The circuit current is measured using three parallel-
connected ARCOL NHS series non-inductive aluminium-
housed wire-wound resistors [34] placed in series with the
CUT winding, while high-frequency passive voltage probes
are used to measure the voltage at critical circuit nodes.

A sinusoidal excitation signal is applied to the CUT at three
distinct frequencies (50 kHz, 100 kHz, and 140 kHz). The
excitation voltage is adjusted to avoid core saturation while
ensuring sinusoidal voltage and current waveforms. The peak
magnetic flux density B is derived from the induced voltage
in the CUT windings using the relationship:

B =
2VL

NAe2π f
,

where VL is the induced voltage, N is the number of turns,
Ae is the effective core cross-sectional area, and f is the
excitation frequency. Fig. 10 shows the measured voltage and
current waveforms at 50 kHz.

FIGURE 10. Measured voltage and current waveforms at 50 kHz.

The total input power is calculated as

Ptotal = VrmsIrms cosφ,

where Vrms and Irms are the measured RMS voltage and
current, respectively, and φ is the phase angle between them.
The copper loss was calculated using the experimentally

measuredACwinding resistance. Thewinding resistance was
measured using an LCRmeter at the corresponding excitation
frequency, including the frequency-dependent effects of skin
and proximity losses.

Pcopper = I2rmsRAC,

where Irms is the measured RMS winding current and RAC is
the measured AC winding resistance.

The core loss is then extracted by subtracting the copper
loss contribution from the total input power:

Pcore = Ptotal − Pcopper.

The measured core loss density was obtained over a
range of excitation frequencies and magnetic flux densities

to characterize the magnetic loss behavior of the 3C91 ferrite
material. The measured data were then used to extract the
Steinmetz parameters through linear regression applied to the
logarithmic form of (6). The resulting core loss characteristics
are presented in Fig. 11 and Fig. 12.

FIGURE 11. Power loss density of 3C91 ferrite at 25◦C and 0 mT DC bias
as a function of excitation frequency.

FIGURE 12. Power loss density of 3C91 ferrite at 25◦C and 0 mT DC bias
as a function of peak magnetic flux density.

2) FINITE-ELEMENT LOSS ANALYSIS AND VALIDATION
The experimentally extracted Steinmetz parameters are
incorporated into ANSYS Maxwell to evaluate the core and
winding losses of the proposed inductor design. Initially,
a 2D eddy current analysis is performed to estimate the
inductance under AC excitation. However, the steady-state
assumption of this approach limits its capability to accurately
capture the time-varying loss behavior because the inductor
operates with a continuously varying current waveform due
to the 50 Hz fundamental component and the high-frequency
S-TCM ripple current.

To overcome this limitation, transient simulations are
performed to evaluate the instantaneous core and winding
losses. An autonomous gate driver (AGD) [35] model is
implemented in ANSYS Twin Builder, as shown in Fig. 13,
to generate realistic S-TCM inductor current waveforms.

The transient simulations capture the dynamic loss behav-
ior during switching transitions, where rapid variations in the
magnetic flux produce instantaneous increases in both core
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FIGURE 13. Autonomous gate drivers (AGDs) in ANSYS Twin Builder.

and winding losses. Fig. 14 presents the instantaneous core
and winding losses for the 3-turn inductor at 30 kW under
low- and high-average-current operating conditions.

FIGURE 14. Transient losses in the 3-turn inductor at 30 kW under
(i) low-average-current and (ii) high-average-current operating
conditions: (a.i) filter current, (b.i) core losses, (c.i) winding losses;
(a.ii) filter current, (b.ii) core losses, and (c.ii) winding losses.

The results in Fig. 14 show transient spikes in both core
and winding losses during switching events. The increase
in core loss is mainly associated with the rapid variation of
magnetic flux during switching transitions, which increases
the hysteresis and eddy-current losses in the ferrite core.

Although the switching frequency is maximum near
the current zero-crossing, the instantaneous winding loss
remains relatively low because the RMS current is small.
In contrast, near the peak current region, the switching
frequency decreases, but the substantially larger current mag-
nitude increases the RMS current and therefore the copper
loss according to the I2R relationship. Consequently, the
simulated winding loss increases from approximately 20 W

near the zero-crossing to approximately 180 W near the peak
current. These results indicate that, for the proposed S-TCM
operation, the winding loss is dominated by the RMS current,
while the switching frequency mainly influences the AC
resistance through skin and proximity effects.

3) COMPARISON OF WINDING CONFIGURATIONS
Table 9 presents a comparison of Litz wire, copper foil, and
solid wire windings under 30 kW and 100 kW operating
conditions. Litz wire consistently exhibits the lowest total
losses due to reduced AC winding losses, achieving 15 W at
30 kW and 85 W at 100 kW. In contrast, solid wire results in
significantly higher losses, particularly at high frequencies,
reaching 48 W and 196 W, respectively.

These results demonstrate the superior efficiency of Litz
wire for high-frequency applications, making it the preferred
choice for the proposed inductor design.

TABLE 9. Operational parameters and losses.

D. THERMAL MANAGEMENT AND POWER DISSIPATION
OF INDUCTORS
The maximum power loss at 60◦C, according to the pot core
datasheet [25], is 52 W. In contrast, the proposed inductor
design results in a maximum power loss of 15 W, indicating
adequate thermal management. To maintain the winding
temperature within safe limits, Litz wire winding can be used
with plastic insulation, offering good thermal conductivity for
efficient heat transfer.

To further enhance heat dissipation, the inductor is
mounted directly on the EV chassis, which serves as a heat
sink, lowering thermal resistance. Additionally, metallic heat-
spreading plates or dedicated heat sinks are employed to
improve cooling. Thermal interface materials (TIMs), such as
thermal grease or pads, are applied to optimize heat transfer
between the inductor and chassis, ensuring effective heat
dissipation and safe operating temperatures.

V. CONCLUSION
This paper presented a systematic design methodology for
high-power filter inductors used in S-TCM-based ZVS
inverters with variable switching frequency. The proposed
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approach considers the unique operating characteristics of
S-TCM, including large current ripple, switching-frequency
variation, and soft-switching requirements. Three winding
configurations (Litz wire, copper foil, and solid copper
wire) using 3C91 ferrite pot cores with an 8 mm air gap
were investigated. The required inductance of 0.72 µH was
achieved through a parallel inductor configuration.

The key findings of this study are summarized as follows:
• An inductor design comprising six inductors (two
parallel inductors per phase), each measuring 57 mm ×

66 mm, was developed to satisfy the required inductance
and current-handling capability.

• The influence of air-gap length and fringing flux was
experimentally and numerically analyzed, demonstrat-
ing the importance of considering fringing effects
for accurate inductance prediction and winding loss
estimation.

• Experimental characterization of the 3C91 ferrite core
enabled the extraction of frequency-dependent core loss
parameters, which were used for accurate magnetic loss
evaluation.

• Among the investigated winding configurations, the Litz
wire winding provided the best performance by reducing
AC winding losses and limiting temperature rise under
high-frequency ripple excitation.

• The thermal performance of the proposed inductor can
be improved by mounting the magnetic components on
the EV chassis, which acts as an additional heat sink and
reduces thermal resistance.

• The designed Litz-wound inductor maintained stable
magnetic performance at the 100 kW operating con-
dition and acceptable thermal performance at 30 kW
operation, confirming its suitability for high-power EV
traction applications.

The results demonstrate that high-power inductors for
S-TCM-based ZVS inverters require simultaneous con-
sideration of inductance accuracy, fringing-field effects,
winding AC losses, and thermal management. The proposed
design methodology provides a practical framework for
designing efficient magnetic components for S-TCM-based
ZVS inverter applications.
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