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Abstract

This paper presents a comparative analysis of three magnetic-integrated LCL-derived filter
configurations for suppressing high-frequency switching harmonics in avionics power-
conversion systems: the integrated LLCL filter, the magnetic-integrated multi-trap LCL
filter, and the magnetic-integrated trapped-LCL filter. The high-frequency harmonics con-
sidered in this study originate primarily from the pulse-width-modulated (PWM) switching
process and can increase current distortion, electrical and magnetic losses, component stress,
and the potential for electromagnetic interference in aircraft electrical systems. To enable a
consistent comparison, the three filter configurations are evaluated within a unified ana-
lytical framework under common system-level operating conditions, while retaining their
topology-specific passive and magnetic parameters according to their respective design
requirements. The framework distinguishes aggregate total harmonic distortion (THD)
from attenuation at targeted switching-frequency bands and incorporates the effects of
resonant branches and magnetic coupling. The simulated current THD values of the LLCL,
multi-trap LCL, and trapped-LCL filters are 0.82%, 0.84%, and 1.13%, respectively, while
their estimated total filter losses are 24.98 W, 59.74 W, and 40.49 W. At the 1 kW operating
point, these losses correspond to 2.50%, 5.97%, and 4.05% of rated power, respectively. The
results show that the LLCL filter achieves the lowest aggregate THD and estimated loss
under the investigated conditions, whereas the multi-trap and trapped-LCL configura-
tions provide additional capability for targeted attenuation of selected switching-frequency
components through their resonant structures. Hardware-in-the-loop (HIL) results further
support the electrical filtering and dynamic behavior of the investigated concepts. The com-
parison demonstrates that minimum THD, minimum loss, targeted switching-harmonic
attenuation, and magnetic integration are distinct design objectives; therefore, topology
selection should be based on the specific requirements and constraints of the intended
avionics application.
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1. Introduction

High-frequency power-electronic converters are widely employed in modern avionics
power systems due to their high efficiency, reduced size, and enhanced controllability [1-5].
The continued electrification of aircraft has further increased the penetration of power-
electronic conversion across AC, variable-frequency AC, and DC electrical architectures [6].
Aircraft electrical architectures may incorporate fixed-frequency, variable-frequency, and
DC distribution systems, while increasing electrification has intensified the use of power-
electronic conversion stages [7]. Despite these advantages, PWM operation introduces
high-frequency voltage and current components that must be considered when designing
the converter and its associated passive filtering stage.

The principal source of the high-frequency harmonics considered in this study is
the periodic switching action of the semiconductor devices. The PWM switching wave-
form produces spectral components concentrated around the switching frequency and
its multiples, with the exact harmonic distribution depending on the converter topology
and modulation strategy. For the single-phase H-bridge configuration considered in the
detailed filter analysis, the selected modulation produces a dominant switching-harmonic
band around 2 f,,, while additional higher-frequency components may occur around subse-
quent switching-frequency multiples. Nonidealities such as dead time, DC-link variations,
device switching characteristics, and operating-point changes can introduce further spectral
components [7].

These high-frequency harmonics can increase RMS current, winding and magnetic-
core losses, electrical stress on passive components, and the possibility of resonant interac-
tion between the converter filter and the surrounding AC-side impedance. They are also
relevant to conducted electromagnetic disturbance in the electrically sensitive environment
of aircraft systems. Consequently, high-frequency harmonic suppression must be consid-
ered together with stringent aircraft constraints on mass, volume, efficiency, reliability, and
electromagnetic compatibility [8-10].

Figure 1 illustrates a representative 12-pulse transformer—rectifier architecture used
to provide DC power from an aircraft AC supply. The arrangement consists of phase-
shifted transformer secondary windings feeding two rectifier bridges whose DC outputs
are combined to supply a DC load. The two transformer output windings are connected
in Y and A to introduce the approximately 30° phase displacement required between
the two six-pulse rectifier input-voltage sets. Consequently, the characteristic harmonics
produced by the two six-pulse bridges are phase shifted relative to each other, allowing
cancelation or substantial reduction in selected low-order input-current harmonics when
the two bridge contributions are combined. This phase-shifting principle is the basis of the
12-pulse transformer—rectifier arrangement shown in Figure 1. The figure is included only
to establish the aircraft power-conversion context and to illustrate the location at which
passive input filtering may be employed. The passive filter shown in Figure 1 is therefore
schematic and is not one of the three magnetic-integrated filters quantitatively evaluated in
this study. Consequently, its input-current spectrum is not used as a performance result in
the subsequent comparison; the harmonic and FFT-based evaluations reported in Sections 5
and 6 correspond to the explicitly parameterized single-phase PWM AC/DC converter and
the investigated LLCL, multi-trap LCL, and trapped-LCL filters.
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Figure 1. Representative 12-pulse transformer—rectifier architecture illustrating a possible passive
input-filter location in an aircraft electrical system; the filter is shown schematically for system-level
context and is not quantitatively evaluated in this study.

Conventional passive L and LC filters can be employed to attenuate converter-
generated switching harmonics. However, obtaining sufficient high-frequency attenuation
with these first- and second-order structures may require relatively large inductance values,
which can increase magnetic mass and volume. The third-order LCL filter provides a
steeper high-frequency attenuation characteristic while requiring less total inductance
than a simple L filter [8-11]. Its principal disadvantage is the resonance introduced by
the interaction among the two inductors and the filter capacitor, which must be properly
considered in both filter and controller design [10-12].

Several LCL-derived resonant-filter configurations have therefore been investigated
to improve attenuation around selected switching-frequency regions. The LLCL filter
introduces an additional resonant branch that creates a transmission zero near a selected
switching harmonic, allowing increased attenuation without requiring a substantial increase
in the main filter inductance [13-17]. The design of the LLCL resonant branch requires
coordinated selection of its resonant inductance and capacitance, and its behavior can
be modified when the inductive elements are magnetically coupled [18]. Multi-trap LCL
structures extend this principle by introducing additional resonant paths so that more than
one switching-frequency component can be selectively attenuated [19-22].

Magnetic integration provides a complementary approach by implementing multiple
inductive functions through coupled windings on a common magnetic structure. This
approach can reduce the number of discrete magnetic components and improve func-
tional integration [23-25]. However, mutual inductance is linked to the corresponding
self-inductances, winding arrangement, magnetic reluctance paths, and air gaps; therefore,
it cannot always be treated as an independently selectable circuit parameter. Magnetic
integration also introduces additional considerations related to coupling polarity, param-
eter sensitivity, winding loss, magnetic-core loss, and the interaction between coupled
resonant modes.

Although these filter families have individually demonstrated effective switching-
harmonic attenuation, direct comparison remains difficult because their operating con-
ditions, resonant targets, magnetic structures, and evaluation metrics are not generally
identical. Moreover, aggregate THD is frequently used as the principal performance index
even though a resonant trap is designed to suppress particular switching-frequency com-
ponents. A filter can therefore exhibit a deeper attenuation notch at a targeted switching
frequency without necessarily producing the lowest aggregate THD.
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Previous studies, including the authors’ earlier work, have investigated individ-
ual magnetic-integrated and multi-trap filter configurations [23-25]. Trapped-LCL struc-
tures have also been reported previously as resonant extensions of conventional LCL fil-
ters [20]. However, those studies did not establish the common analytical and performance-
evaluation framework adopted here for comparing the three configurations under a consis-
tent set of criteria. Accordingly, the present work does not claim novelty for the individual
LLCL, multi-trap LCL, or trapped-LCL topologies. Instead, its contribution lies in plac-
ing representative magnetic-integrated implementations of these filter families within a
common analytical and engineering framework and distinguishing their topology-specific
advantages and limitations under a consistent set of system-level operating conditions.

The main contributions of this paper are summarized as follows:

1. A unified analytical framework is established for comparing the integrated LLCL,
magnetic-integrated multi-trap LCL, and magnetic-integrated trapped-LCL configura-
tions under common system-level operating conditions. The framework incorporates
topology-dependent resonant impedances and magnetic-coupling relationships rather
than relying only on a generic LCL transfer function.

2. A comparative assessment is performed in terms of harmonic performance, THD,
filter loss, and magnetic integration. In particular, aggregate THD is separated from
attenuation at targeted switching-frequency bands, allowing the resonant behavior
of the three configurations to be compared without assuming that the lowest THD
necessarily corresponds to the deepest switching-frequency attenuation.

3.  Engineering design guidance is derived for the selection of magnetic-integrated LCL-
derived filters for avionics applications. The comparison considers the trade-offs
among targeted harmonic attenuation, electrical loss, resonant complexity, functional
magnetic integration, dynamic behavior, and the scope of the available HIL validation.

The remainder of this paper is organized as follows. Section 2 reviews the fun-
damental characteristics of LCL-based filters and establishes the basic terminology and
circuit relationships used throughout the paper. Section 3 describes the three investigated
magnetic-integrated filter configurations. Section 4 establishes the unified modeling and
design framework, including equivalent circuit modeling, resonance and harmonic attenu-
ation, magnetic coupling, design constraints, performance metrics, stability considerations,
and dynamic modeling. Section 5 presents the comparative performance analysis based on
the common simulation platform. Section 6 presents the HIL experimental platform and
discusses steady-state, dynamic, and simulation-experimental results. Section 7 discusses
the design constraints, suitability, trade-offs, and engineering implications of the investi-
gated filters for avionics applications. Finally, Section 8 summarizes the main conclusions
and limitations of the study.

2. Background of LCL-Based Filters

LCL filters are widely employed in power-electronic converter interfaces because they
provide a higher high-frequency attenuation rate than conventional L and LC filters while
requiring comparatively smaller inductance values [8-11]. The basic LCL structure consists
of a converter-side inductance L;, a shunt filter capacitor C 'z and an AC-side inductance L,,
as illustrated in Figure 2.

Throughout this paper, the subscripts i and o denote the converter-side and AC-side
quantities, respectively. Accordingly, L; and 7; represent the converter-side inductance and
current, whereas L, and i, represent the AC-side inductance and current. This notation is
adopted consistently for all subsequent circuit models.

The basic configuration considered in the following derivation is shown in Figure 2.
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Figure 2. Basic LCL filter topology showing the converter-side inductance L;, filter capacitor C¢, and
AC-side inductance L,.

Let vcony denote the PWM converter voltage, vy the filter-capacitor voltage, and vac
the AC-side voltage. Applying Kirchhoff’s voltage law to the converter-side and AC-side
inductors and Kirchhoff’s current law at the capacitor node gives

Li% = Uconv — Uf, (1a)
d .
Cral =i —io, (1b)
and
LO% = Uf — UVac. (1c)

Equations (1a)-(1c) describe the basic third-order dynamics of the LCL network.
Eliminating i; and vy yields the differential equation relating the converter voltage, AC-side
voltage, and AC-side current:

_ — L.L.C,%ho o (1. 4+ 1) (1d)
Oconv — Vac = L ocf B + (Li + Lo) dt -

For the converter-voltage-to-AC-side-current transfer function, v, is treated as an
independent disturbance and set to zero. Assuming zero initial conditions and applying
the Laplace transform to Equation (1d) gives

_ I(s) _ 1
GreL(s) = Veonv(s) — LiLoCps3+(Li+Lo)s” @

Equation (1) follows directly from the circuit equations of Figure 2 and provides the
baseline transfer function used later to construct the unified analytical framework for the
three LCL-derived filter configurations.

The third-order denominator of Equation (1) provides a high-frequency attenuation
slope approaching —60 dB/decade in the ideal asymptotic region, which is substantially
steeper than that of first-order inductive filtering. However, the interaction among L;, L,,
and Cy introduces an inherent resonance. For the ideal uncoupled LCL configuration, the
resonance frequency is determined by the converter-side inductance L;, AC-side inductance
L,, and shunt capacitance C ¥ [11]:

_ 1 Li+L
fr =77 Li’LOC‘}' 2)

Equation (2) represents the uncoupled LCL resonance and is used as an initial design
relation. When magnetic coupling or additional resonant branches are introduced, the
effective inductances and the resulting poles of the filter change; therefore, the final reso-
nance frequencies must be determined from the corresponding coupled topology rather
than from Equation (2) alone.
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The LCL resonance must be properly considered because insufficient damping can
produce amplification around the resonant frequency and can adversely affect the converter
control system. Passive damping can be introduced by adding resistive elements to the
filter, although this increases power loss. Alternatively, active damping can be implemented
through the converter control system, avoiding additional dissipative components at the
expense of increased control complexity [13,14]. Consequently, resonance placement alone
is not sufficient to establish closed-loop stability; damping, controller dynamics, digital
delay, and the surrounding AC-side impedance must also be considered [10-26].

The LLCL filter extends the conventional LCL structure by introducing an addi-
tional resonant branch that creates a transmission zero near a selected switching-harmonic
frequency, thereby improving targeted high-frequency attenuation [13-17,27,28]. A rep-
resentative ideal LC trap containing a resonant inductance L; and capacitance C; has a
nominal trap frequency given by [17]:

fr = e 3)

At fi, the resonant branch modifies the filter impedance and introduces a transmission
zero that can provide substantially stronger attenuation around the targeted switching-
frequency component than the conventional LCL structure. The LLCL design principle and
its use of an additional resonant branch for switching-harmonic suppression have been
established in the literature [29].

Multi-trap LCL structures extend the same principle by introducing more than one res-
onant attenuation mechanism. Their additional resonant degrees of freedom allow selected
switching-frequency bands to be targeted separately, although the resulting parameter
interactions and tuning requirements are more complex.

Magnetic integration further modifies the electrical behavior of these resonant struc-
tures by replacing some independent inductive components with magnetically coupled
windings [23,25,26]. For two coupled windings with self-inductances L1 and L, the mutual
inductance is

My = kiav/L1Lo, 4)

where k1 is the coupling coefficient.

Equation (4) demonstrates that the mutual inductance is linked to the self-inductances
and the realizable magnetic coupling and therefore cannot generally be treated as an inde-
pendent circuit parameter. Furthermore, the sign of the mutual-inductance contribution
depends on the winding polarity and selected current-reference directions. These effects
become particularly important in the three-winding trapped-LCL configuration and are
incorporated explicitly in Section 4.3.

The performance of a resonant filter must also be evaluated using more than aggregate
current THD. For a current waveform containing a fundamental RMS component I; and
harmonic RMS components I, the current THD is

N 12
THD; = Lﬁf’ x 100%. )

Equation (5) combines all included harmonic components into a single index. In
contrast, the resonant branches of LLCL-derived filters are designed primarily to attenuate
particular switching-frequency components. Consequently, a filter can provide deeper
attenuation at a selected switching-frequency band while exhibiting a slightly higher
total THD because harmonic components outside the targeted band also contribute to
Equation (5). This distinction between aggregate THD and targeted switching-harmonic
attenuation is maintained throughout the comparative analysis.
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Increasing the number of resonant branches also increases the number of energy-
storage states and resonant modes of the passive network. This can increase the complexity
of the transient and control behavior, but it does not imply that a higher-order filter
must always exhibit a slower response. The actual dynamic performance depends on the
locations and damping of the resonant modes, the converter controller bandwidth, the
operating point, and the interaction with the AC-side impedance.

Accordingly, the conventional LCL filter is used in this study as the analytical baseline,
whereas the LLCL, multi-trap LCL, and trapped-LCL configurations are treated as topology-
specific resonant extensions. Their structures and magnetic implementations are described
in Section 3, followed by their common analytical treatment in Section 4.

3. Description of the Three Filters

This section describes the three magnetic-integrated LCL-derived filter configurations
considered in the comparative study: the integrated LLCL filter, the magnetic-integrated
multi-trap LCL filter, and the magnetic-integrated trapped-LCL filter. The three configura-
tions differ primarily in the number and arrangement of their resonant functions and in
the manner in which magnetic coupling is utilized. They should therefore be regarded as
alternative LCL-derived design approaches with different filtering and integration charac-
teristics rather than as a sequence in which each successive topology is necessarily superior
to the preceding one.

For consistency with the notation introduced in Section 2, L; denotes the converter-side
inductance, L, denotes the AC-side inductance, and M;, denotes the mutual inductance
between their corresponding windings. Where an additional trap winding is present, L;
denotes its self-inductance and M;; and My, denote its mutual inductances with L; and
L,, respectively.

3.1. Magnetic-Integrated LLCL Filter

The integrated LLCL filter extends the conventional LCL structure by introducing
a resonant function that provides selective attenuation around a specified switching-
harmonic frequency [13-16]. In the magnetic-integrated realization considered here, this
additional resonant inductive effect is produced through the mutual coupling between the
converter-side and AC-side windings rather than by employing a completely independent
trap inductor.

The corresponding circuit representation is shown in Figure 3. The original self-
inductances L; and L, are transformed by the mutual coupling, while the mutual-inductance
component M;, participates in the resonant branch with Cy.

Li Mo Lo L "Mo L 'Mo

C

M,

(o

Figure 3. Circuit representation of the magnetic-integrated LLCL filter.

The operating principle of the integrated LLCL filter is based on the fact that M;, is
generated by magnetic coupling between the two main windings and can participate in a
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resonant tank with Cy. For the representative design considered in this study, the resonant
branch is tuned to the dominant switching-harmonic band around 2 f.
The mutual inductance is related to the self-inductances through Equation (4),

M;, = kio V L;L,,

and therefore cannot be selected independently of L;, L,, and the realizable coupling
coefficient k;,. This constraint is important when the trap frequency is selected because
changing the magnetic coupling also changes the effective electrical parameters of the filter.

The integrated LLCL configuration retains the fundamental third-order filtering path
while introducing a targeted attenuation zero around the selected switching-frequency
region. Compared with a conventional LCL filter, this enables stronger suppression of
the corresponding switching harmonic without introducing an additional independent
magnetic core for the trap inductance.

For the representative LLCL design used in the subsequent comparative analysis, the
main parameters are L; = L, = 0.45 mH, Cf = 2.4 uE M;, = 26.4 uH, and k;, = 0.059.
With fg;, = 10 kHz, the trap is designed around 2fs;, = 20 kHz. These values are consistent
with the integrated LLCL design used for analysis and validation.

The principal advantage of this configuration is therefore its relatively simple selective
attenuation mechanism combined with magnetic integration. Its principal limitation is that
a single dominant trap provides less independent frequency-selective freedom when more
than one switching-frequency band must be strongly attenuated.

3.2. Magnetic-Integrated Multi-Trap LCL Filter

The magnetic-integrated multi-trap LCL configuration extends the resonant-filter
concept by providing two tuned attenuation mechanisms. This allows different switching-
frequency components to be targeted separately while retaining the basic LCL
filtering function.

The representative multi-trap configuration considered in this paper corresponds to
the magnetic-integrated TTL-type structure, in which two resonant functions are formed
using the existing filter inductances, mutual inductance, and an additional small capacitor.
Its circuit arrangement is shown in Figure 4.

L ‘/ M \x L, L-M,,  LgM,
°_|£NL ML,
L
C | C; /
s R
M,
o} —_—0 [o, O

Figure 4. Circuit representation of the magnetic-integrated multi-trap LCL filter with two targeted
resonant functions.

In this structure, the mutual inductance M;j, and the filter capacitor C 1 form one
resonant tank, while the converter-side inductance L; and the additional capacitor C;
form the second resonant tank. The first resonant frequency is selected at the dominant
switching-frequency band, 2fs,,, whereas the second is selected at 4 5.

Accordingly, the multi-trap structure provides two transmission zeros rather than the
single principal tuned attenuation zero of the LLCL configuration.
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The underlying multi-trap design specifically identifies the two resonant zeros as

W = —F—,
CfMio

and
oo L
L= T
with the series resonant frequency placed at 2fs;, and the parallel resonant frequency
at 4fsp.

Magnetic integration is particularly useful in this configuration because the mutual
inductance generated by the two main windings acts as an active trap inductance. Conse-
quently, an additional discrete series trap inductor can be avoided, while only the additional
small trap capacitor is required to establish the second resonant function.

The multi-trap configuration therefore provides greater frequency-selective flexi-
bility than the single-trap LLCL configuration. In particular, it can suppress the dom-
inant switching-frequency component and its selected multiple through separately tuned
resonant mechanisms.

This increased frequency-selective capability is accompanied by greater parameter
interaction. The locations of both attenuation zeros depend on the corresponding capaci-
tances, self-inductance, mutual inductance, and magnetic-coupling characteristics. Thus,
the multi-trap filter should not be described simply as having universally better broadband
attenuation; its specific advantage is the ability to place multiple targeted attenuation zeros.

For the design employed in the subsequent analysis, the principal resonant targets are
2fsw = 20 kHz and 45, = 40 kHz. Representative design quantities include C; = 39.09 nF
and a coupling coefficient of approximately k;, = 0.10. The complete topology-specific
parameter set is summarized later in the unified design section to permit direct comparison
with the LLCL and trapped-LCL configurations.

The multi-trap design itself confirms that the two LC traps are specifically intended
for the 25, and 45, bands and that magnetic coupling provides the resonant inductive
function without an additional series trap core.

3.3. Magnetic-Integrated Trapped-LCL Filter

The trapped-LCL topology has previously been introduced as an LCL-derived con-
figuration incorporating a resonant trap branch for enhanced attenuation around selected
switching-frequency components [13].

The magnetic-integrated trapped-LCL filter combines the conventional LCL filtering
path with an additional LC trap placed on the converter side. In the investigated design, the
trap is tuned to the dominant switching-frequency band at 2. Unlike the two-winding
LLCL and multi-trap structures described above, the trapped-LCL configuration contains
three electrical inductive functions, L, L;, and L,, implemented using three magnetically
coupled windings on a common magnetic structure.

The electrical representation of the filter is shown in Figure 5.

The trap branch is formed by L; and C;, while L;, C s and L, form the principal LCL
filtering path. The three inductive functions are magnetically coupled and therefore cannot
be represented rigorously by a single two-winding mutual-inductance relation. Their
complete electrical behavior depends on the three self-inductances and the three pairwise
mutual inductances My, M;,, and M;,. The corresponding 3 x 3 inductance matrix is
developed in Section 4.3.

https:/ /doi.org/10.3390/aerospace13090831
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0

Figure 5. Circuit representation of the three-winding magnetic-integrated trapped-LCL filter.

o

The physical magnetic implementation places the three windings on a common multi-
limb EE-type magnetic structure. The investigated arrangement employs negative coupling
among the inductive functions according to the defined flux directions. Thus, the signs
of the mutual terms in the equivalent circuit must follow the winding polarity rather
than being selected independently. The trapped-LCL magnetic design explicitly identifies
three coupled windings corresponding to Ly, L;, and the AC-side inductance and states
that their coupling polarity follows the defined flux directions.

The additional LC trap provides selective attenuation around the designed switching-
frequency band, while magnetic integration avoids implementing all three inductive func-
tions as separate magnetic components.

For the representative trapped-LCL design used in the comparative study, the passive
parameters include

L; =0.45mH,

Lo = 0.45 mH,
Cr =14 yF,
Ly = 0.126 mH,

and
Ct =05 |,LF.

The corresponding coupling coefficients for the integrated three-winding design are
ki = kto = ki, = 0.5. These values appear in the trapped-LCL design comparison.

The trapped-LCL configuration should therefore be characterized by its three-winding
functional magnetic integration and targeted switching-frequency attenuation.

The additional magnetic interaction also increases the importance of core design,
coupling polarity, and parameter sensitivity. These issues are included explicitly in the
common magnetic model developed in Section 4.

3.4. Structural Comparison

The principal structural characteristics of the three configurations are summarized in
Table 1. The comparison is based on physically identifiable features.

Table 1. Structural characteristics of the investigated magnetic-integrated filters.

Filter Principal Tafget'ed Inductive Magne'!tlc Principal Design
. . Resonant Switching . Coupling -
Configuration . Functions Characteristic
Function Bands Structure
M;,—Cy resonant Two coupled Single targeted
Integrated LLCL function 2fsu 2 windings attenuation band

https:/ /doi.org/10.3390/aerospace13090831
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Table 1. Cont.

Filter Principal Tafget.ed Inductive Magne'!tlc Principal Design
. . Resonant Switching . Coupling .
Configuration . Functions Characteristic
Function Bands Structure
M;,—Cr and 2 main inductive indt/[uel:gel;tl
. io™~f functions with Two coupled p y
Multi-Trap LCL L;—C; resonant 2 fsw, 4 fsw fwo Tesonant windings targeted
functions functions & attenuation
bands
ety e
Trapped-LCL ! LéL I:;th 2 fow 3 coupled magnetic
P windings maghe:
integration

Table 1 shows that the LLCL structure provides a single targeted resonant function, the
multi-trap LCL provides two selected attenuation bands, and the trapped-LCL implements
an additional trap inductive function through a three-winding magnetic structure. Their
quantitative harmonic, loss, and dynamic performances are compared in Section 5.

4. Unified Modeling and Design Framework

This section establishes a unified analytical basis for comparing the three magnetic-
integrated LCL-derived filter configurations under consistent system-level operating con-
ditions. The objective is not to force identical passive-component values on topologies
with different resonant functions, but to use a common converter operating point, common
harmonic targets, and consistent performance metrics while retaining the topology-specific
parameters required by each filter structure.

The framework therefore separates three levels of analysis:

1.  The common LCL-derived current-transfer path;
The topology-dependent resonant and magnetic-coupling relationships;
3. The common performance indices used for quantitative comparison.

This distinction is necessary because the LLCL, multi-trap LCL, and trapped-LCL filters
do not possess identical transfer functions or identical numbers of energy-storage elements.

4.1. Unified Equivalent Circuit Modeling

To establish a common analytical representation, the PWM converter is modeled as a
controlled voltage source v¢pnp containing the fundamental component and high-frequency
switching harmonics, while the external AC-side system is represented by an equiva-

lent voltage source v,, and impedance Z,.(s). The passive filter is placed between these
two subsystems, as shown in Figure 6.

PWM AC/DC ‘ i; ! Converter-Side ! v i, | ACSide |
Converter i Impedance ' { Impedance
| Zi(s) ; { Zls)
_______________ COLTROOTTTEETT +
EEEETEEETTES 1 .
. i | Aircraft AC-
A‘“?g DG 1 ! Filter Shunt ! Side
1de i Impedance !
(Load/ Bus) @ E Z,(s) i (Source/ Bus)
e : : Vac

Yo U

Figure 6. Unified single-phase PWM AC/DC converter and LCL-derived filter representation used
for analytical comparison.
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The single-phase AC/DC H-bridge arrangement shown in Figure 6 represents the
converter-level platform used for the detailed filter analysis. The power-flow direction
considered in the validation studies is predominantly AC-to-DC; therefore, the terms
converter-side and AC-side are used throughout this paper.

For a generalized LCL-derived filter, let Z;(s) denote the converter-side series
impedance, Z,(s) the AC-side series impedance, and Z, «(s) the topology-dependent
shunt or resonant impedance of the filter configuration x. Neglecting the external source
voltage for the converter-voltage-to-current plant derivation, the AC-side current transfer
function can be written as

Cx(s) = 75 = ZEZET BT ©
Equation (6) provides a common impedance-form representation without assuming
that the three investigated filters possess the same numerator or denominator polynomial.
The topology-specific resonant elements enter through Z,, «(s), while magnetic coupling
modifies the corresponding effective inductive impedances.
For the conventional uncoupled LCL filter,

Zi(s) = SLirZ0<S) = SLOer,LCL(S) = % (7)
Substituting Equation (7) into Equation (6) gives
— 1
Gren(s) = Tt ®)

which is identical to the baseline expression derived from the differential equations in
Section 2.

For the resonant LCL-derived configurations, the transfer function is written in the
topology-dependent form

Gx(s) = B, x € {LLCL,MT, T — LCL}, )
where both Ny (s) and Dy(s) depend on the corresponding resonant branch and magnetic-
coupling parameters. Equation (9) is not treated as the analytical result itself; it is used only
as a compact notation for the topology-specific pole-zero structures discussed below.

For the integrated LLCL configuration, the resonant function is introduced through
the coupled inductive contribution M;, and Cs. In the multi-trap LCL structure,
two transmission-zero conditions are produced by the M;,—C; and L;~C; resonant func-
tions. In the trapped-LCL configuration, the additional L;~C; branch and the three-winding
magnetic coupling modify both the pole and zero locations.

Consequently, the comparative analysis is based on the actual topology-dependent
pole-zero locations rather than on a single generic denominator applied indiscriminately to
all three filters.

4.2. Resonance and Harmonic Attenuation Characteristics

For the uncoupled baseline LCL network, the resonance frequency is given by
Equation (2). This relation is useful for preliminary parameter selection but does not fully
describe the integrated filters because mutual coupling changes the effective inductances
and therefore shifts the resonant poles.

For an ideal resonant branch containing an effective inductance L; ¢ and capacitance
Ct, the corresponding trap frequency is
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_ 1
ft o 271/ Ly oftCt (10)

The term L o¢f emphasizes that the inductive quantity seen by the resonant branch
may include a mutual-inductance contribution rather than a completely independent
physical inductor.

For the integrated LLCL configuration considered here, the resonant inductive con-
tribution is associated with M;,. Thus, the nominal attenuation-zero condition can be
expressed as

— 1
frirer = o e (11)
subject to

Mio = kio V LiLo- (12)

Equations (11) and (12) show explicitly why the trap frequency cannot be selected
independently through M;,: the required mutual inductance must be physically realizable
from L;, L,, the core geometry, winding arrangement, and achievable coupling coefficient.

For the representative 10 kHz switching frequency,

fin = 2fsw = 20 kHz. (13)

For the magnetic-integrated multi-trap configuration, two attenuation-zero conditions
are employed. The first is associated with the M;,—Cy resonant function,

— 1
ftl - 27_[,\/m/ (14)

and the second with the L;—C; resonant function,

fr2= #m (15)

In the investigated design, these two frequencies are selected:
frn = 2fsw = 20 kHz (16)

and

The multi-trap configuration used for the comparison was specifically designed
around these two switching-frequency bands.

For the trapped-LCL configuration, the explicit trap branch L;~C; provides the first
nominal trap frequency,

feT—LeL = #m (18)

However, because Ly, L;, and L, are magnetically coupled, Equation (18) alone does
not determine the complete pole-zero structure of the integrated filter. The other resonant
mode depends on the full three-winding inductance matrix introduced in Section 4.3.

The PWM converter voltage can be represented by a Fourier series containing the
fundamental and switching-frequency components,

Uconv(t) = Vlsin(wlt + (P]) + hg: Vhsin(wht + (Ph) (19)
=2

For a linearized filter plant, the RMS magnitude of the h-th AC-side current component
can be estimated from
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Iy = | Gx(jwp) Vi (20)

The corresponding attenuation of the h-th voltage-generated current component is
Apx = 20log;,| Gy (jwy) |dB. (21)

To compare a resonant filter directly with the baseline LCL response at the same
harmonic frequency, the relative attenuation improvement is defined as

Galjeon
A, = 20l0g;| G20 |. (22)

A negative value of AAj, , indicates that the investigated resonant filter transmits less
current at that frequency than the baseline LCL filter.
The specific harmonic content at the dominant switching band is also reported as

Hay,, = 2 x 100%. (23)

Equations (20)—(23), together with the THD definition in Equation (5), provide the
analytical basis for distinguishing targeted switching-harmonic attenuation from aggregate
current distortion.

The resulting idealized frequency responses are compared in Figure 7. The con-
ventional LCL filter exhibits the expected third-order low-pass behavior together with
a pronounced resonance region. The integrated LLCL configuration introduces an addi-
tional attenuation notch associated with its tuned resonant function. The multi-trap LCL
configuration introduces two targeted attenuation regions corresponding to its two reso-
nant paths, whereas the trapped-LCL configuration produces a pronounced attenuation
region resulting from the interaction of the explicit trap and the magnetically coupled
LCL network.

200 , ‘ ——

100 - |
0 |

-100 |- _

-200

Magnitude (dB)

-300 - —

8 — s
i r ——Trapped-TLCL 1]
——Multi-trap LCL

0+ ——Integrated LLCL
——Discrete LCL

-90

Phase (deg)

-180 |- -

-270 . . I |
10° 10* 10° 10°
Frequency (Hz)

Figure 7. Idealized small-signal magnitude responses of the conventional LCL, integrated LLCL,
magnetic-integrated multi-trap LCL, and trapped-LCL filter configurations.

Figure 7 should be interpreted primarily in terms of the locations of the resonant
poles and attenuation zeros. The very large resonance peaks and deep attenuation notches
result from idealized small-signal plant models in which parasitic damping is not rep-
resented completely. Practical winding resistance, capacitor equivalent-series resistance,
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magnetic loss, source impedance, controller dynamics, and digital delay reduce the res-
onance peaks and alter the corresponding phase characteristics. Therefore, the absolute
resonance magnitudes in Figure 7 should not be interpreted as measured physical gains.
Accordingly, Figure 7 is not used to claim that one topology is universally more stable
than another. Its purpose is to show the frequency-selective behavior introduced by the
different resonant structures. Stability implications are treated separately in Section 4.6.

4.3. Magnetic Integration Modeling

For two coupled windings, the voltage—current relationship can be expressed as

or| _ | L1 ouMp|dii (24)
(%) 0’12M12 L2 dt i2 !
where
Mip = kiav/L1Ly, (25)

and oqp = +1 or —1 is determined by the winding dot convention and the selected current-
reference directions.

The integrated LLCL and multi-trap filters considered here can be represented using the
two-winding form of Equation (24). However, the trapped-LCL filter contains three mutually
coupled inductive functions and therefore requires a 3 x 3 inductance matrix.

Let the winding-current vector be

iLz[it i ior. (26)

The three-winding voltage—current relationship is

vy Ly oMy oMy J it
vi | = | 1My Li  0i,Mj T i |- (27)
[0 oMo 0ig My Lo io

The three mutual inductances are

My; = kiin/LiL;, (28a)
Myo = kto\/ LtLo, (28b)
and
My = kiog/LiLo. (28¢)
The corresponding winding equations are therefore
o — L, it M, 4 M, Gio 29
t = Legr + 0 Mg + OtoMio 57, (29a)
g M, i g di . M. o 29b
Uj = Ot tzdt+ ldt+010 10 "t 7 ( )
and
Vo = UtoMto% + UioMio% + Lo‘%}' (29¢)

The coupling coefficients depend on the magnetic geometry, winding positions, air-gap
arrangement, and material properties. The trapped-LCL implementation considered in this
study uses three windings on a common multi-limb magnetic core, and the representative
design employs coupling coefficients of approximately 0.5 between the corresponding
inductive functions.
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A reluctance-based magnetic model provides the physical connection between the
electrical inductance matrix and the core geometry. For a dominant magnetic path m, the

reluctance is

Ry = 7#0;:57% — (30)

where I, is the effective magnetic-path length, A, is the corresponding cross-sectional area,
and p, , is the relative permeability. For an air gap, 4, ~ 1, so the gap reluctance generally
dominates the corresponding magnetic path.

The flux-linkage vector is related to the winding-current vector by

A = Lpip, (31)

where L, is the inductance matrix in Equation (27). In a multi-limb core, L, is determined
by the winding-turn matrix and the inverse of the magnetic-reluctance network. This
relationship explains why changes in air-gap distribution modify both the self- and mutual-
inductance terms simultaneously.

Thus, magnetic integration does not merely replace several discrete inductors with one
core; it creates a coupled multi-input magnetic network whose self-inductances, mutual
inductances, and resonant frequencies must be designed together.

4.4. Unified Design Constraints and Filter Parameters

To provide a fair system-level comparison, all three filters are evaluated using the
same converter operating point and harmonic targets. The common operating conditions
are introduced in Table 2 before the topology-specific passive parameters are presented.

Table 2. Common system-level operating conditions used for comparative evaluation.

Parameter Symbol Value

DC-link voltage Vie 200V
Switching frequency fsw 10 kHz

Rated power b, 1kW

AC-side RMS voltage Ve 110V
Fundamental frequency of validation platform fo 50 Hz
Dominant targeted switching band 2fsw 20 kHz
Secondary targeted band for multi-trap filter 4fsw 40 kHz

The 110 V, 50 Hz operating point in Table 2 is the common laboratory/HIL validation
condition used for the comparative study. It is not presented as a universal aircraft electrical-
bus specification. Aircraft-system applicability and the relationship to MIL-STD-704F [30]
and RTCA DO-160G [31] are discussed separately in Section 7.1.

The use of common system-level conditions does not imply that all filter component
values must be identical. Each topology requires a different passive and magnetic parameter
set because the number and placement of its resonant functions are different.

The principal topology-specific design parameters used in the comparative analysis
are summarized in Table 3.

Table 3. Principal topology-specific parameters of the investigated filters.

Parameter Integrated LLCL Multi-Trap LCL Trapped-LCL
L; 0.45 mH 0.45 mH 0.45 mH
Lo 0.45 mH 0.45 mH 0.45 mH
Cy 2.4 uF 1.4 uF 1.4 uF
Ci — 39.09 nF —
Lt — — 0.126 mH
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Table 3. Cont.
Parameter Integrated LLCL Multi-Trap LCL Trapped-LCL
Ct — — 0.5 uF
M;, 26.4 uH ~45 uH determined from three-winding coupling
kio 0.059 ~0.10 0.50
ki — — 0.50
kto — — 0.50
Main resonant target 20 kHz 20 kHz 20 kHz
Additional resonant target — 40 kHz coupled-mode dependent

The LLCL values L; = L, = 045 mH, C r=24pF, M, =264 pH, and k;, = 0.059 are
the representative integrated-LLCL design parameters used for the 1 kW, 10 kHz operating
condition. The trapped-LCL values L; = L, = 0.45 mH, Cr =14 pF Ly =0.126 mH,
Ct = 0.5 pF, and coupling coefficients of 0.5 are also explicitly reported for the correspond-
ing integrated design.

For preliminary LCL design, the resonance frequency is commonly placed sufficiently
above the fundamental frequency and below the switching region. A frequently used
guideline is

10f, < fr < 0.5fsp-

Equation (32) is retained only as an initial frequency-placement guideline. It is

(32)

not treated as a proof of closed-loop stability, particularly for magnetically coupled
resonant filters.

Other design constraints include converter-side current ripple, capacitor reactive-
power consumption, maximum permissible magnetic flux density, winding-current capa-
bility, and realizable coupling coefficients. The representative filter designs were selected
to satisfy the corresponding converter operating requirements while placing the resonant
attenuation bands at the dominant switching frequencies.

4.5. Performance Evaluation Metrics

The three filter configurations are compared using a common set of performance
metrics. These metrics are summarized in Table 4.

Table 4. Evaluation metrics used for the comparative study.

Metric Definition/Method Unit Interpretation
Current THD Equation (5), FFT of i, % Aggregate harmonic distortion
2., harmonic Equation (23) % of Iy Targeted dorninacr(;’;1 i(:\;\ittching—harmonic
4 fsw harmonic Lyf,,, /Ty x 100% % of Iy Secondary target for multi-trap design
Frequency-c!omain Equations (21) and (22) 4B Filter transfer magnit}lde at selected
attenuation frequencies
Total filter loss Pey + Peore Y Estimated passive-filter loss
Normalized filter loss Ploss/ Po % 100% Y% Loss relative to rated power
Magnetic-core count Physical core count — Level of physical magnetic integration
Magnetic-core volume Adopted core-volume data m3 Magnetic-component volume only
Dynamic response Current/voltage transient ms, % Closed-loop response under specified

behavior disturbance

Resonant-mode behavior

Poles/eigenvalues and

. — Plant-level resonance characterization
damping
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For the present comparison, the filter loss is evaluated according to the actual in-
ductive and resonant branches of each investigated topology rather than by using only a
single generalized loss expression. The calculated total filter loss is written as the sum of
winding/conductor loss, magnetic-core loss, and, where applicable, capacitor equivalent-
series-resistance loss:

Ploss,x = Pcu,x + Pcore,x + Pcap,x/ (33)

where x € {LLCL, MT, TLCL} denotes the integrated LLCL, multi-trap LCL, and trapped-
LCL configurations, respectively.

For the integrated LLCL filter, the two magnetically coupled main windings carry the
converter-side and AC-side currents, while the resonant function is produced through their
mutual inductance. Accordingly, its conductor-loss contribution is represented as

Peyrrcr = gRiac + 12 rmsRoacs (34)
and the capacitor-loss contribution is
PeapircL = 12 £, rms RESR,C- (35)
Thus,
Pioss 1L = 11-2, msRiac + 2 msRojac + 12 f,rmsRESR,Cf + Peore,LLCL- (36)

For the magnetic-integrated multi-trap LCL filter, the converter-side and AC-side
windings again provide the two physical inductive functions, while the additional resonant
capacitor C; introduces the second tuned path. Its calculated loss is therefore expressed as

_ 712 2 2 2
Pross M1 = IjmsRiac + Lo rmsRoac + I, rmsResr Cp + IG, rms RESR ¢ + Peoremr- (37)

For the magnetic-integrated trapped-LCL filter, three coupled windings realize the
trap inductance L;, converter-side inductance L;, and AC-side inductance L,. Therefore,
the conductor-loss contribution explicitly includes all three winding currents:

Pcu,TLCL = Igrmth,ac + Iiz,rmSRi,ac + Ig,rmsRO,aCr (38)
while the two capacitive branches contribute

Peap TLCL = I¢, rms RESRC; + IZ s RESR €, (39)

Hence,

_ 12 2 2 2 2
b loss,TLCL — It,rmth,ac + Ii,rmsRi,ac + Io,rmsRo,aC + Ic,,rmsRESR,Ct + IC f,rmsRESR,Cf + P core, TLCL- (40)

In Equations (34)—(40), R, denotes the effective winding resistance at the relevant
current spectrum and therefore includes the conductor-loss contribution associated with
DC resistance and frequency-dependent AC effects represented in the adopted loss cal-
culation. Rgsg denotes the equivalent-series resistance of the corresponding capacitor.
The magnetic-core-loss term Peore,x represents the calculated core-loss contribution of the
common magnetic structure for each topology.

Because the three filters do not have a common and complete set of frequency-
dependent winding resistances, capacitor-ESR values, Steinmetz coefficients,
flux-density waveforms, and measured operating temperatures, the individual terms in
Equations (36), (37) and (40) are not reported as independently measured numerical values.
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Instead, these equations identify the circuit-specific origin of the reported total calculated
losses and avoid implying a calorimetrically measured copper/core-loss decomposition.
The normalized filter loss is

P
Ploss,norm,x = lopisosx X 100%. (41)

A material-specific core-loss expression is not introduced unless the corresponding
Steinmetz coefficients, flux-density waveform, frequency range, and core material are avail-
able for all compared filters. Therefore, the total-loss values are treated as the calculated loss
data of the investigated designs rather than as experimentally measured calorimetric losses.

Likewise, magnetic-core volume and complete packaged filter volume are not treated
as equivalent quantities. Capacitors, conductors, insulation, mechanical supports, and cool-
ing hardware are not included in the adopted core-volume metric unless explicitly stated.

4.6. Stability Considerations

The resonance characteristics of high-order passive filters can interact with the con-
verter controller and AC-side impedance. Therefore, frequency placement alone is insulffi-
cient to demonstrate stable operation.

For each topology, the plant poles are obtained from

D.(s) = 0. (42)

If a state-space representation is available, the same plant modes are given by the
eigenvalues of the corresponding state matrix Ay:

det(sI — Ax) = 0. (43)
For a complex-conjugate pole pair
P12 = —cr:tjwd, (44)

the corresponding natural frequency and damping ratio are
wn = Jo? + (45)

[=2. (46)

These quantities provide a physically meaningful description of resonant-mode damp-

and

ing. However, a complete closed-loop stability margin additionally depends on the con-
verter controller, sensing and computation delay, modulation delay, source impedance, and
damping introduced by parasitic resistances.

The idealized magnitude responses in Figure 7 omit several of these damping mecha-
nisms, which explains the unrealistically large resonance peaks observed in the ideal plant
curves. Therefore, neither the peak magnitude in Figure 7 nor the design inequality in
Equation (32) is used alone as evidence of closed-loop stability.

A rigorous gain-margin and phase-margin comparison would require the complete
loop transfer function, including the actual control law and digital implementation, to be
defined consistently for all three filters. Since the present study is centered on the passive
filter structures and the available control implementations are not identical for every
topology, no unsupported numerical gain-margin or phase-margin values are introduced.
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Instead, the stability assessment in this study is limited to resonant-mode placement,
damping interpretation, and verification of stable closed-loop behavior under the simula-
tion and HIL operating conditions reported in Sections 5 and 6.

4.7. Dynamic Modeling

To clarify the relation between filter order and transient response, the baseline LCL
plant is first expressed in state-space form. Let

. . T
X = [zi vf zo} , (47)
and
T
U= [Uconv Uac} . (48)
Using Equations (1a)—(1c), the dynamic model is
x = ArcLx + Brery, (49)
with
0 —1/L; 0
ArcL = |1/Cy 0 —1/C¢|, (50)
0 1/L, 0
and
1/L; 0
BicL,=| 0 0o |. (51)
0 -1/L,
Taking the AC-side current as the output gives
y = CrcLx + DrcLy, (52)
where
Cier =0 0 1], Dic =10 0. (53)

The resonant LLCL-derived filters introduce additional energy-storage states or cou-
pled magnetic states. Their state matrices are therefore extended according to the cor-
responding capacitor voltages, winding currents, and inductance matrices described in
Sections 3 and 4.3.

An increase in filter order increases the number of dynamic modes but does not, by
itself, imply a slower transient response. The response speed is determined by the locations
and damping of the dominant closed-loop poles. A higher-order filter may exhibit a fast,
well-damped response, whereas a lower-order filter with a lightly damped resonant pole
may exhibit a slower or more oscillatory transient.

The dynamic model established in this subsection is used to interpret the transient
simulation and HIL results presented later, including the DC-link reference and load-
resistance variations.

5. Comparative Performance Analysis

The three magnetic-integrated filter configurations are compared in this section using
the common system-level operating conditions and evaluation metrics established in
Section 4. The comparison focuses on the steady-state current spectrum, aggregate THD,
estimated filter loss, magnetic-core volume, and structural integration.

Because the investigated filters employ different resonant structures, the comparison
is interpreted as a multi-objective assessment rather than as a search for one universally su-
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perior topology. Particular attention is therefore given to the distinction between aggregate
current distortion and attenuation at selected switching-frequency bands.

5.1. Simulation Setup

All comparative simulations are implemented in MATLAB/Simulink 2023b using
the common converter platform shown in Figure 8. The same system-level operating
point is retained when the filter configuration is changed, while the passive and magnetic
parameters of each filter are assigned according to the corresponding topology-specific
design summarized in Table 3.

> lac Continuous Vde e > D
Fi | 1 >
» Vo
lac . >
200 s
Y NI Output voltge and it votage/curent
Vdc_Ref
>G> vac_C var [ —
Vac »!
» Repeating Sequence —
E > lac, If0, Iq_ref PWM Signals voltage and current
Idc
lacg, If0. lq_ref [ Vac 1Ph Bridge Converter il-e»
e
lac ac 1 b d 1
H v RC T = Load
- T 4L -
L]
. B
—
1 ‘

Vact Current/Voltage

= Filter

Figure 8. Complete MATLAB/Simulink model of the single-phase PWM AC/DC converter used for
the comparative evaluation of the investigated LCL-derived filters.

The common conditions include V;. =200V, fs, = 10 kHz, P, = 1 kW, V. =110V,
and a 50 Hz fundamental frequency. The converter is operated as a single-phase PWM
AC/DC H-bridge under the same modulation and control environment for the comparative
simulations. The complete simulation arrangement is introduced in Figure 8.

The same converter operating point, AC-side source condition, DC-link condition,
modulation strategy, switching frequency, and rated-power condition are maintained in
the comparative study.

This does not imply that the three filters employ identical passive-component values.
Their individual inductances, capacitances, trap parameters, and coupling coefficients
remain topology-dependent, as listed in Table 3.

The FFT of the AC-side current is evaluated under steady-state conditions after the
transient associated with initialization has decayed. The same FFT procedure and frequency
window are used for all configurations so that the spectra can be compared consistently.

5.2. Harmonic Suppression Performance

The frequency-domain current spectra are compared in Figure 9. In addition to the
three magnetic-integrated filters, the conventional LCL filter is included as a baseline so
that the effect of the resonant extensions can be observed directly.

Figure 9a shows the current spectrum of the conventional LCL baseline. The corre-
sponding current THD is approximately 0.85%, indicating that the baseline LCL already
provides effective attenuation under the investigated operating condition. Its principal role
in this comparison is to provide a baseline against which the additional frequency-selective
attenuation introduced by the resonant filters can be assessed.

Figure 9b shows the integrated LLCL response. The resonant function around 2fs;,
reduces the corresponding switching-frequency component while retaining an aggregate
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THD close to that of the conventional LCL. The difference between the conventional LCL
THD of approximately 0.85% and the LLCL THD of 0.82% is small. Thus, the principal
benefit of the LLCL configuration in this operating condition is not a dramatic reduction in
aggregate THD, but rather, improved attenuation around its selected resonant switching-
frequency band.
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Figure 9. FFT spectra of the AC-side current for (a) conventional LCL, (b) magnetic-integrated LLCL,
(c) magnetic-integrated multi-trap LCL, and (d) magnetic-integrated trapped-LCL filters.

Figure 9c shows the response of the multi-trap LCL configuration. The two resonant
functions are intended to reduce current components around 2fs;,, and 4fs,, providing
greater frequency-selective flexibility than the single-resonant LLCL structure.

However, the fundamental-current amplitude in the multi-trap case differs from
those of the other cases. The values extracted from Figure 9 are approximately 12.99
A for the conventional LCL, 12.98 A for the LLCL, 13.38 A for the multi-trap LCL, and
12.99 A for the trapped-LCL case. This approximately 3% deviation in the multi-trap
fundamental amplitude must be acknowledged when interpreting absolute harmonic
magnitudes. Accordingly, normalized harmonic quantities such as I,/ I; are used wherever
possible rather than comparing only absolute FFT amplitudes.

Figure 9d shows the trapped-LCL spectrum. The additional trap and magnetic cou-
pling provide strong attenuation around the selected switching-frequency region. Its
demonstrated advantage is strong attenuation around the targeted high-frequency band.

5.3. THD and Targeted Harmonic Analysis

The aggregate current THD values of the three magnetic-integrated filters are summa-
rized in Table 5.

Table 5. Simulated AC-side current THD of the investigated magnetic-integrated filters.

Filter Configuration THD (%)
Integrated LLCL 0.82
Multi-Trap LCL 0.84

Trapped-LCL 1.13

As shown in Table 5, the integrated LLCL filter exhibits the lowest aggregate THD,
followed closely by the multi-trap LCL filter. The trapped-LCL configuration exhibits
the highest THD among the three magnetic-integrated filters under the investigated
operating condition.
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These results confirm that the strongest attenuation at a selected switching-frequency
band does not necessarily correspond to the lowest aggregate THD. The THD defined in
Equation (5) includes all considered harmonic components, whereas the resonant branches in
the LLCL-derived filters are designed to reduce specific switching-frequency components.

The difference between the LLCL and multi-trap THD values is only 0.84 — 0.82 = 0.02
percentage points, whereas the trapped-LCL THD exceeds the LLCL value by 1.13 — 0.82 = 0.31
percentage points.

Accordingly, Table 5 should be interpreted together with the targeted harmonic metrics
of Equations (22) and (23), rather than using THD alone to rank the filters.

In particular, the LLCL configuration provides the lowest aggregate THD under
the investigated conditions, whereas the multi-trap and trapped-LCL structures provide
additional resonant selectivity at their designated switching-frequency bands.

5.4. Power Loss Analysis

The calculated filter losses are compared in Figure 10 using the topology-specific loss
formulations of Equations (36), (37) and (40). Thus, the LLCL result includes the losses
associated with its two coupled windings, filter capacitor, and common magnetic core; the
multi-trap result additionally includes the loss contribution of its second resonant-capacitor
branch; and the trapped-LCL result includes the three coupled winding functions L;, L;,
and L,, together with the C; and C 7 branches and the common magnetic-core loss.

Trapped-LCL

Multi-trap LCL | RUELEN

0 10 20 30 40 50 60
Total calculated loss (W)

Figure 10. Calculated total filter losses obtained using the topology-specific loss contributions of the
integrated LLCL, multi-trap LCL, and trapped-LCL configurations.

The integrated LLCL filter exhibits the lowest calculated total loss of 24.98 W, whereas
the multi-trap LCL filter exhibits the highest value of 59.74 W. The trapped-LCL configura-
tion exhibits an intermediate calculated loss of 40.49 W.

Using the common rated power P, = 1 kW and Equation (41), the corresponding
normalized losses are

Piossnorm LLCL = 1600 X 100 = 2.50%, (54)
b loss,norm, MT = % x 100 = 5.97%, (55)
b loss,norm, TLCL — % x 100 = 4.05%. (56)

The trapped-LCL filter therefore reduces the estimated loss relative to the multi-trap
LCL filter by
APjpgs = 59.74 — 4049 = 19.25 W, (57)
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corresponding to

0744049 . 100 = 32.22%. (58)

This value represents a reduction in the estimated filter loss relative to the multi-trap
case; it must not be interpreted as a 32.22% increase in overall converter efficiency.

The topology-specific expressions also clarify the physical origin of the differences
among the three calculated values. The integrated LLCL contains two current-carrying
magnetic windings and one principal filter-capacitor branch. The multi-trap configuration
retains the two main coupled windings but adds an additional resonant-capacitor current
path, while its two tuned resonances modify the RMS and high-frequency current distribu-
tion in the common magnetic structure. The trapped-LCL contains three current-carrying
coupled windings and two capacitive branches. Consequently, the loss differences arise
from the combined RMS and high-frequency current stresses in the individual winding
and resonant branches together with the resulting magnetic-core loss, rather than simply
from the number of magnetic cores.

The numerical values in Figure 10 remain calculated total filter-loss estimates. A
common experimental decomposition into individual winding, capacitor-ESR, and core-
loss components is not available for all three topologies and is therefore not inferred from
the aggregate values.

The loss results therefore indicate a clear trade-off: the LLCL provides the lowest
calculated loss, the multi-trap structure incurs the highest calculated loss, and the trapped-
LCL lies between them.

5.5. Magnetic-Core Volume and Structural Comparison

The magnetic-core count and adopted core-volume data are summarized in Table 6.

Table 6. Magnetic-core count, inductive functions, and adopted magnetic-core volume.

Filter Configuration Physical Magnetic-Core Inductive Functions Adopted Magnetic-Core
Count Implemented Volume
Integrated LLCL 1 2 11.3 x 107> m3
Multi-Trap 1 2 11.3 x 1079 m3
Trapped-LCL 1 3 113 x 107° m?

All three magnetic-integrated structures employ one physical magnetic core in the
adopted comparison, while the trapped-LCL realizes three inductive functions on that core
compared with two in the LLCL and multi-trap configurations.

This difference should be described as increased functional magnetic integration rather
than as demonstrated physical-volume reduction.

Furthermore, the value in Table 6 represents the adopted magnetic-core volume only.
It does not include capacitors, winding terminations, insulation, mechanical supports,
thermal-management hardware, or complete packaged assembly volume.

5.6. Overall Comparative Assessment

The principal quantitative results are collected in Table 7. The table reports only
supported quantities and identified structural characteristics.

Table 7 shows that no single configuration minimizes all performance indices simultaneously.

Under the investigated operating condition, the integrated LLCL provides the lowest
simulated THD and the lowest estimated filter loss. Its resonant structure is also the
simplest of the three magnetic-integrated configurations considered here.
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Table 7. Overall comparison of the investigated magnetic-integrated filters.

Metric Integrated LLCL Multi-Trap LCL Trapped-LCL
Simulated current THD (%) 0.82 0.84 1.13
Estimated total filter loss (W) 24.98 59.74 40.49
Normalized filter loss (% of 1 kW) 2.50 597 4.05
Main targeted band 2 fow 2 fow 2 fow
Additional targeted band — 4fsw —
Physical core count 1 1 1
Inductive functions on common core 2 2 3
Adopted magnetic-core volume 11.3 x 107° m3 11.3 x 1075 m3 11.3x 1079 m3
Principal characteristic Lowes.t THD an(.jl loss in Two targeted attenuation Tx;‘;xi?ﬁrfifﬁzgig};l
this comparison bands

targeted attenuation

The multi-trap LCL introduces an additional targeted attenuation band, providing
greater frequency-selective freedom, but it also exhibits the highest calculated filter loss in
the present comparison.

The trapped-LCL implements three inductive functions on one magnetic structure
and provides strong attenuation around its selected switching-frequency band. However,
its aggregate THD and estimated loss are both higher than those of the LLCL filter.

These results reinforce the multi-objective nature of filter selection. A topology opti-
mized for minimum aggregate THD may not provide the greatest flexibility in targeted
harmonic suppression, while a topology with greater resonant selectivity or functional
magnetic integration may introduce higher loss or design complexity.

Accordingly, the results of this section are used in Section 7 to formulate application-
oriented design guidance rather than to identify one topology as universally superior.

6. Hardware-in-the-Loop Verification

The magnetic-integrated trapped-LCL configuration was further evaluated using a
hardware-in-the-loop (HIL) platform to examine its steady-state harmonic behavior and
dynamic response under selected operating disturbances.

The HIL results presented in this section should be interpreted as a validation case for
the trapped-LCL configuration rather than as a common experimental comparison among
all three filter topologies. The relative ranking among the LLCL, multi-trap LCL, and
trapped-LCL filters established in Section 5 is therefore based primarily on the common
analytical and simulation framework.

The HIL evaluation is used for three specific purposes:

1.  To verify that the trapped-LCL configuration preserves a near-sinusoidal AC-side
current under real-time execution;

2. To evaluate attenuation around the dominant switching-frequency band;

3. To observe the closed-loop response under load resistance and DC-link-reference
disturbances.

6.1. HIL Experimental Platform

The HIL platform was implemented using StarSim real-time simulation software
2023b on an NI PXIe-based system. The setup consists of a real-time simulator, a real-time
controller, hardware input/output interfaces, a host computer, and an oscilloscope for
real-time waveform monitoring.
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The power-stage model is executed on an NI PXIe-7846R real-time simulator (National
Instruments, Austin, TX, USA), while the control algorithm is implemented on an NI PXIe-
7868R real-time controller. Both modules are installed in an NI PXIe-1082 chassis (National
Instruments, Austin, TX, USA), which provides high-speed backplane communication
between the real-time computing and 1/O resources. MATLAB/Simulink is used to develop
the converter and control models using a fixed-step real-time implementation.

The converter plant and control functions are deployed separately on the real-time
simulator and controller to form a closed-loop HIL environment. The oscilloscope is used
for waveform observation and data capture, whereas FFT processing is performed using
the Powergui analysis tools.

The common steady-state HIL operating point uses a 200 V DC-link reference, a
10 kHz switching frequency, and a 110 V AC-side voltage.

These values correspond to the validation platform and should not be interpreted as
universal aircraft-bus requirements. Furthermore, the 1 kW rating listed in Table 2 repre-
sents the common design rating of the comparative platform; the dynamic resistance-step
tests described later use specific resistance values and therefore should not be interpreted
as reproducing the same instantaneous 1 kW operating point.

6.2. Steady-State HIL Experimental Results

The steady-state HIL waveforms and AC-side current spectrum of the magnetic-
integrated trapped-LCL filter are shown in Figure 11.
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Figure 11. HIL steady-state waveforms and AC-side current spectrum for the magnetic-integrated

trapped-LCL filter.

The measured AC-side current remains approximately sinusoidal under the steady-
state operation, while the DC-link voltage is regulated around its reference value.

The HIL current THD is 3.89%, whereas the current component around 2fs;, re-
mains below 0.3% of the fundamental-current magnitude. The latter result confirms
that the resonant trap remains effective at the targeted switching-frequency band during
real-time implementation.

The HIL result should not be described as showing complete elimination of the switch-
ing harmonics. The experimentally supported statement is that the dominant targeted
switching-frequency component is strongly attenuated and remains below the reported
0.3% level.

The DC-link voltage remains close to 200 V during the steady-state test. The residual
fluctuation is associated with the closed-loop voltage regulation and real-time implementation.
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6.3. Dynamic Performance Verification

Two dynamic HIL tests are used to examine the closed-loop response of the trapped-
LCL configuration under changes in operating conditions.

6.3.1. Load-Resistance Variation

In the first test, the DC load resistance is changed from 40 Q2 to 50 (), corresponding to
a 25% increase in resistance.

Because resistance increases from 40 Q) to 50 (), the electrical load demand decreases
rather than increases. The event is therefore described throughout this paper as a load-
resistance increase or load reduction, not as a load increase. The corresponding HIL
waveforms are shown in Figure 12.
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Figure 12. HIL transient response to a 25% increase in DC-load resistance from 40 Q) to 50 Q).

The AC-side current and DC-link voltage remain bounded during the transition, with
a short transient immediately after the resistance change followed by recovery toward the
steady-state operation.

The result demonstrates that the implemented closed-loop converterfilter system
remains stable for this specific resistance-step test. It should not be generalized as proof of
stability for all source impedances, loading conditions, or aircraft-network configurations.

6.3.2. DC-Link Reference Step

In the second dynamic test, the DC-link voltage reference is increased from 200 V to
240 V, corresponding to a 40 V step increase. The corresponding response is shown in

Figure 13.
Tek Prevu Miise Fifter Off
vae (100V/div) : : : NP N
P Q0Ad) Ve (100V/div) - - -]

N

AR A OV A VR VR VIR VIR
: ' : ' : : L, (20A/div) :
& 100 00y [time (20ms/div) )

[n 2000 & | 1 i

Figure 13. HIL dynamic response to a 40 V DC-link reference step from 200 V to 240 V.
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During this disturbance, the converter-side current reaches approximately 19 A before
decreasing toward its subsequent steady-state value.

The value of approximately 19 A is treated here as the observed peak/design-limit
current reported for the test and is not interpreted as the nominal current reference.

The response returns toward steady operation within approximately 60 ms. For clarity,
settling time is defined here as the elapsed time from application of the reference step until
the monitored response enters and remains within a specified tolerance band around its
final steady-state value. A conventional +2% band may be used when the underlying

sampled data are available.
y(t) —yss | <0.02 [ yss | - (59)
The corresponding settling time is
ts = min{t,:| y(T) — yss [<0.02 | yss | VT >t} (60)
The percentage current overshoot would be defined as

M, = Bl 100%, (61)

Lref

The transient waveform also indicates that the system does not develop an obvious
sustained high-frequency oscillation following the reference step.

6.4. Comparison Between Simulation and HIL Results

The principal steady-state and dynamic quantities available from the simulation and
HIL evaluation of the trapped-LCL configuration are summarized in Table 8.

Table 8. Comparison between simulation and HIL results for the magnetic-integrated trapped-LCL
filter.

Metric Simulation HIL Difference/Interpretation
Current THD (%) 1.13 3.89 2.76 percentage points
Relative THD increase with . L 244.25%

respect to simulation

HIL upper bound is <0.12

Harmon;?:;@fg?ist around 0.18 <0.3 percentage points above
simulation
Steady-state DC-link voltage (V) 200 ~200 No nominal-voltage difference
DC-link reference-step test — 200—240 V HIL dynamic validation
Approximate settling time — ~60 ms HIL waveform-based value
40 — 50 Q) resistance step — Stable response observed HIL dynamic validation

The absolute THD difference between simulation and HIL is 2.76 percentage points.
ATHD = 3.89% — 1.13% = 2.76 percentage points. (62)

Expressed relative to the simulation value, the increase is 244.25%:

3.89 -1.13

113 x 100% = 244.25%. (63)
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Accordingly, the results show qualitative agreement in the intended switching-
frequency attenuation behavior, together with a substantial quantitative difference in
aggregate THD.

At the targeted 2, band, the simulation value is 0.18% and the HIL result is reported
as less than 0.30%. Because the HIL value is an inequality rather than an exact measurement,
a unique relative percentage error cannot be calculated. The supported conclusion is that
both simulation and HIL show strong attenuation of the selected switching-frequency
component, while the exact numerical difference remains bounded by the experimental
reporting limit.

For the steady-state DC-link voltage, both simulation and HIL indicate approximately
200 V.

The quantitative differences between simulation and HIL can arise from several
implementation effects that are absent or simplified in the ideal simulation model.

Possible contributors include real-time discretization, finite computational and I/O
delay, dead-time implementation, measurement noise, and parasitic electrical parameters
represented differently in the HIL environment. These factors are presented as plausible
contributors rather than as separately quantified causes because no sensitivity decomposi-
tion was performed.

The HIL results consequently support the following narrower conclusions: the trapped-
LCL configuration preserves the intended attenuation around 2f;, during real-time ex-
ecution; the closed-loop implementation remains bounded under the tested resistance
and DC-link-reference disturbances; and the experimentally obtained aggregate THD is
appreciably higher than the ideal simulation prediction.

These results validate the real-time feasibility of the trapped-LCL concept within the
tested platform, but they do not experimentally establish the comparative ranking of all
three investigated filters.

7. Implications for Avionics Applications

The application of high-frequency power-electronic converters in aircraft electrical
systems places demanding requirements on passive filtering because harmonic attenua-
tion must be achieved together with restrictions on mass, volume, loss, reliability, and
electromagnetic compatibility.

The results presented in Sections 46 provide a basis for interpreting the three in-
vestigated magnetic-integrated filter configurations in this application context. However,
the present analysis evaluates differential-mode switching-harmonic behavior and filter-
level performance; it does not constitute formal aircraft power-quality or electromagnetic-
compatibility qualification. Accordingly, the discussion below distinguishes demonstrated
filter characteristics from application-level requirements that would require additional
standardized testing.

7.1. Avionics Power-System Constraints and Standards

Aircraft electrical systems differ from conventional terrestrial power systems in oper-
ating frequency, distribution architecture, allowable disturbances, installation constraints,
and electromagnetic environment. More-electric aircraft architectures employ combina-
tions of AC, variable-frequency AC, and DC distribution systems to supply increasingly
power-electronic loads [1-6].

Consequently, the 110 V, 50 Hz, 200 V DC-link operating point adopted in
Tables 2 and 3 should be interpreted solely as the common laboratory/HIL validation
condition used to compare the filter configurations. It is not intended to represent a uni-
versal aircraft bus. Aircraft architectures may employ nominal 115/200 V AC systems at
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400 Hz, variable-frequency AC systems, and DC distribution levels that differ substantially
from the investigated validation point [6].

For application to an actual aircraft installation, the electrical interface must instead
be designed with reference to the applicable aircraft power-quality requirements. MIL-
STD-704F specifies characteristics of aircraft electric power at the utilization-equipment
terminals, including relevant voltage and frequency conditions and abnormal/transient
operating characteristics [30]. RTCA DO-160G provides environmental qualification pro-
cedures for airborne equipment, including Section 16 for power input, Section 18 for
audio-frequency conducted susceptibility on power inputs, and Section 21 for the emission
of radio-frequency energy [31].

In addition to the electrical-interface requirements, avionics filter design is influenced
by several practical constraints.

First, mass and installation volume are important because additional magnetic and
capacitive components contribute directly to equipment-level mass and packaging. The
magnetic-core count and core-volume comparison in Section 5 therefore provide useful
structural information, although they do not represent complete packaged-filter mass
or volume.

Second, increasing switching frequency can reduce the required energy-storage com-
ponent size but simultaneously shifts switching harmonics into frequency ranges where
parasitic capacitances, winding layout, magnetic coupling, and conducted-emission paths
become increasingly important.

Third, electrical loss is particularly relevant to high-power-density aerospace convert-
ers because the thermal design must dissipate the filter loss within the allowable equipment
temperature and cooling constraints. However, the calculated losses presented in this study
are not equivalent to experimentally measured temperature rise or thermal qualification.

Fourth, resonance and impedance interaction must be considered because the filter is
connected to an aircraft electrical network whose equivalent source impedance can vary
with the generator, cable, transformer, and connected-load conditions. Stable operation
observed at one validation point therefore does not establish stability for every aircraft-
network configuration.

Figure 14 illustrates the system-level relationship between converter-generated switch-
ing harmonics, the passive filter, the aircraft electrical distribution system, and EMI-
sensitive loads.

Aircraft Electrical Source / Bus Aircraft Hlectrical  |High-Frequency!
(1]5/200VAC,4MH:) m,nmmm Load / Bus Switching
Disturbances

Inadequate filtering propagates harmonics, risking EM], data corruption, and system failure. H

Figure 14. Conceptual propagation paths of converter-generated switching disturbances in an aircraft
electrical system and their relationship to EMI-sensitive equipment.

Figure 14 should not be interpreted as evidence that the investigated filters satisfy a
conducted- or radiated-emission limit. The FFT and transfer-function results in Sections 4-6
characterize differential-mode current harmonics at the converter/filter interface. Com-
pliance with RTCA DO-160G Section 21 would require the corresponding standardized
conducted and radiated RF-emission measurements, which were not performed in the
present study [31].

Similarly, magnetic integration can alter both intended differential-mode coupling
and unintended parasitic/common-mode paths. Therefore, a reduction in differential-
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mode switching-current harmonics does not by itself establish improved common-mode
EMI performance.

7.2. Suitability of the Investigated Filter Configurations

The comparative results of Section 5 show that the three magnetic-integrated fil-
ters offer different combinations of harmonic attenuation, loss, resonant selectivity, and
magnetic integration.

7.2.1. Integrated LLCL

The integrated LLCL filter provides the simplest resonant extension among the
three investigated magnetic-integrated configurations.

Under the investigated operating conditions, it achieves the lowest simulated aggre-
gate current THD of 0.82% and the lowest estimated filter loss of 24.98 W, corresponding to
approximately 2.50% of the 1 kW rated power. Its principal resonant function targets the
dominant switching-frequency band around 2 fs,.

These characteristics make the LLCL configuration attractive when low filter loss
and a comparatively simple single-target resonant structure are prioritized. However, its
single principal attenuation zero provides less independent frequency-selective flexibility
than the multi-trap arrangement when more than one switching-frequency band requires
targeted attenuation.

7.2.2. Multi-Trap LCL

The magnetic-integrated multi-trap LCL filter provides two independently targeted
resonant functions around 2 fs;, and 4.

This configuration is therefore particularly relevant when attenuation at more than
one known switching-frequency band is a primary design objective. The investigated
design achieves a simulated current THD of 0.84%, which is close to the LLCL value, but its
calculated total filter loss of 59.74 W, or approximately 5.97% of rated power, is the highest
among the three configurations.

Consequently, its principal demonstrated benefit is additional frequency-selective
freedom rather than universally lower harmonic distortion or higher efficiency. The use
of two resonant targets also increases parameter coordination requirements because the
locations of both attenuation zeros depend on the passive and magnetic parameters.

7.2.3. Trapped-LCL

The magnetic-integrated trapped-LCL filter employs an explicit L;—~C; trap together
with the main LCL path and realizes three inductive functions through a common
three-winding magnetic structure.

Its principal structural distinction is therefore functional magnetic integration: three
inductive functions are implemented on one physical magnetic core. The simulated THD is
1.13%, and the estimated filter loss is 40.49 W, corresponding to approximately 4.05% of
rated power. Its calculated loss is lower than that of the multi-trap filter but higher than
that of the LLCL configuration.

The trapped-LCL also exhibits strong attenuation around the selected switching-
frequency band, and the HIL result confirms that the current component around 2fs,
remains below the reported 0.3% level during real-time implementation.

These results make the trapped-LCL of interest when targeted high-frequency atten-
uation and realization of three inductive functions on a common magnetic structure are
important design objectives. However, the present data do not demonstrate that it has
the smallest complete packaged volume, the highest overall efficiency, or the best EMI
performance among the investigated filters.
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7.2.4. Relationship to Alternative Rectifier Approaches

The converter used for the detailed analysis is a single-phase high-frequency PWM
AC/DC converter. Harmonic improvement in single-phase rectifiers can also be achieved
using converter- and control-level approaches rather than passive resonant filters. For
example, high-speed current regulation of an H-bridge PWM converter has been investi-
gated for harmonic compensation [32], while a two-quadrant shunt active-filter approach
has been used to improve the input power factor of a single-phase rectifier [29]. More
recently, controlled single-phase AC/DC conversion has been investigated for improving
input-current waveform quality and reducing low-order harmonics [33].

These approaches are complementary rather than directly equivalent to the filters
investigated in this paper. Their principal objective is to improve the converter input-
current waveform or power factor through converter topology and/or active control,
whereas the present study focuses on passive magnetic-integrated resonant filtering of
high-frequency PWM switching components. Therefore, the present results do not establish
superiority over these rectifier approaches. Instead, they indicate that magnetic-integrated
filtering can serve as an additional filter-level design option when targeted high-frequency
switching-harmonic attenuation is required.

A direct quantitative comparison of efficiency, THD, mass, or power density with
Refs. [29,32,33] would not be meaningful without reproducing the same converter rating,
switching frequency, load, modulation, and harmonic measurement conditions.

7.3. Engineering Trade-Off and Limitations

Selection of an avionics filter topology requires consideration of several competing
objectives rather than a single performance indicator. The principal experimentally or
analytically supported trade-offs are summarized in Table 9.

Table 9. Engineering trade-offs supported by the comparative results.

Criterion Integrated LLCL Multi-Trap LCL Trapped-LCL
Simulated THD 0.82% 0.84% 1.13%
Estimated filter loss 2498 W 59.74 W 40.49 W
Loss relative to 1 kW 2.50% 5.97% 4.05%
Targeted resonant bands 2 fow 2 fow, 4fsw 2 fsw plus coupled modes
Physical magnetic-core count 1 1 1
Inductive functions on common core 2 2 3
Resonant tuning requirement Single principal target Two targeted bands Trap plus three-winding coupling
Direct HIL evidence in this study No No Yes
Standardized EMI qualification Not evaluated Not evaluated Not evaluated
Complete packaged volume Not evaluated Not evaluated Not evaluated
Experimental temperature rise Not evaluated Not evaluated Not evaluated

Table 9 deliberately separates quantities demonstrated in the present study from
quantities that remain unevaluated. This distinction is particularly important for avionics
applications because component-level harmonic performance cannot be directly translated
into equipment-level EMI, thermal, or packaging compliance.

Several limitations of the present comparative study should therefore be recognized.
First, the common comparative ranking among the three filters is based mainly on analytical
and MATLAB/Simulink results; only the trapped-LCL configuration is directly evaluated
on the HIL platform in this manuscript.

Second, HIL validation demonstrates real-time electrical behavior of the con-
verter /filter model but is not equivalent to testing a complete physical magnetic component
under aircraft environmental conditions. Therefore, the HIL results do not independently
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validate core temperature rise, physical volume, winding loss, insulation behavior, or
radiated /conducted EMI.

Third, the reported loss values are calculated values associated with the investigated
filter designs rather than results from a common calorimetric or a temperature-rise exper-
iment. A complete experimental loss comparison would require identical measurement
procedures and separation of conductor and magnetic-core losses.

Fourth, the adopted magnetic-core volume in Table 6 is not the complete in-
stalled volume. Capacitors, conductors, terminals, insulation, mechanical supports, cool-
ing arrangements, and clearances would have to be included in an equipment-level
volumetric comparison.

Fifth, the present harmonic analysis primarily addresses differential-mode switching-
current components. Common-mode propagation, parasitic capacitive coupling to chassis,
cable effects, conducted RF emissions, and radiated emissions require separate analysis
and standardized measurements.

Sixth, the transient HIL data permit an approximate settling-time assessment
but do not provide the raw current-reference data required for a rigorous numerical
overshoot comparison.

Finally, the plant-level resonance and damping analysis in Section 4.6 does not con-
stitute aircraft-network stability certification. Application to a particular aircraft electrical
system requires evaluation using the actual source impedance, distribution-cable parame-
ters, converter controls, connected loads, and applicable power-quality requirements.

7.4. Design Guidance for Avionics Engineers

The comparative analysis provides several practical observations for selecting and
implementing magnetic-integrated LCL-derived filters.

When the primary objective is low aggregate current distortion and low calculated
filter loss under conditions comparable to those investigated here, the integrated LLCL
provides the most favorable numerical combination among the three configurations.

When two known switching-frequency bands require selective attenuation, the multi-
trap LCL provides additional resonant design freedom through independently targeted
2fsw and 4fs, attenuation mechanisms. This advantage should be balanced against the
higher calculated loss and greater tuning interaction observed in the present design.

When three inductive functions must be integrated into one magnetic structure and
strong attenuation around a selected switching-frequency band is required, the trapped-
LCL provides a useful three-winding implementation. Its selection, however, should be
based on this functional integration and targeted attenuation capability rather than on
unsupported assumptions of universally lower THD, lower loss, or better EMI performance.

For all three topologies, the coupling coefficient should be treated as a design-
dependent magnetic parameter rather than as an arbitrary tuning variable. Self-inductance,
mutual inductance, winding polarity, air-gap configuration, and resonant capacitance must
therefore be coordinated during electrical and magnetic design.

Similarly, the trap frequencies should be selected from the actual converter switching
spectrum. If the converter modulation strategy, switching frequency, or dominant harmonic
bands change, the resonant targets should be recalculated rather than transferred directly
from the 10 kHz validation design.

Filter selection should therefore follow a requirement-driven sequence: define the ap-
plicable aircraft power interface and harmonic spectrum; identify the switching-frequency
bands requiring attenuation; establish permissible filter loss and magnetic-component
constraints; select the resonant topology; verify coupled resonances and stability with the
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actual source impedance and controller; and finally validate the complete implementation
against the applicable aircraft power-quality and EMI procedures.

Within this framework, magnetic integration is best regarded as an engineering tool
for realizing multiple inductive functions on a reduced number of magnetic structures,
rather than as an automatic guarantee of lower total volume, lower loss, or improved EML

The results of this study consequently provide a topology-selection framework rather
than a universal topology ranking: LLCL emphasizes low calculated loss and low aggregate
THD, multi-trap LCL emphasizes multiple targeted attenuation bands, and trapped-LCL
emphasizes targeted high-frequency attenuation together with three-winding functional
magnetic integration.

8. Conclusions

This paper presents a comparative analysis of three magnetic-integrated LCL-derived
filter configurations, the integrated LLCL, magnetic-integrated multi-trap LCL, and
magnetic-integrated trapped-LCL filters, for high-frequency switching-harmonic suppres-
sion in PWM-based avionics power-conversion systems.

Rather than treating the three configurations as successive designs with progressively
superior performance, the revised analysis evaluates them within a unified framework
based on common system-level operating conditions, topology-specific resonant and mag-
netic models, targeted switching-harmonic attenuation, aggregate current THD, calculated
filter loss, magnetic integration, and dynamic behavior. This framework reveals distinct
trade-offs among the investigated configurations and avoids assigning a universal perfor-
mance ranking based on a single metric.

Under the investigated 1 kW, 10 kHz validation condition, the integrated LLCL filter
achieves the lowest simulated AC-side current THD of 0.82%, compared with 0.84% for the
multi-trap LCL and 1.13% for the trapped-LCL filter.

The small difference between the LLCL and multi-trap THD values also demonstrates
that aggregate THD alone does not adequately describe the frequency-selective advantages
of resonant filters. The LLCL provides targeted attenuation around 2f;,, whereas the
multi-trap configuration introduces two resonant attenuation bands around 2f,, and
4fsw. The trapped-LCL likewise provides strong attenuation around its selected high-
frequency switching band while incorporating an additional trap function into the coupled
magnetic structure.

The calculated total filter losses are 24.98 W for the integrated LLCL, 59.74 W for the
multi-trap LCL, and 40.49 W for the trapped-LCL configuration.

Relative to the 1 kW rated power, these values correspond to approximately 2.50%,
5.97%, and 4.05%, respectively. Therefore, the LLCL exhibits the lowest calculated filter
loss under the investigated conditions. The trapped-LCL reduces the calculated loss by
19.25 W, or 32.22%, relative to the multi-trap configuration, but this reduction should not
be interpreted as a corresponding improvement in overall converter efficiency.

From the magnetic-integration perspective, all three investigated configurations em-
ploy one physical magnetic core in the adopted comparison. The principal structural
distinction of the trapped-LCL is that three inductive functions are realized through a
common three-winding magnetic structure, whereas the LLCL and multi-trap configura-
tions employ two main coupled inductive functions. This represents increased functional
magnetic integration, but the available data do not demonstrate that the trapped-LCL has
the smallest complete packaged filter volume.

HIL evaluation of the trapped-LCL configuration confirms the intended attenuation
around the dominant switching-frequency band, with the 2, current component remain-
ing below 0.3% of the fundamental.
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The HIL current THD of 3.89%, however, is appreciably higher than the simulated
value of 1.13%, corresponding to an absolute difference of 2.76 percentage points. The HIL
tests also demonstrate bounded closed-loop behavior during a DC-load resistance increase
from 40 Q) to 50 () and a DC-link reference step from 200 V to 240 V, with an approximate
waveform-based settling time of 60 ms for the reported transient test. These results support
the real-time feasibility of the trapped-LCL configuration within the investigated platform,
but they do not constitute a common experimental comparison of all three filter topologies.

Opverall, the integrated LLCL offers the most favorable combination of aggregate THD
and calculated filter loss for the investigated operating condition; the multi-trap LCL pro-
vides greater frequency-selective flexibility through two targeted attenuation bands; and the
trapped-LCL combines targeted high-frequency attenuation with three-winding functional
magnetic integration. Filter selection should therefore be driven by the specific harmonic
spectrum, permissible loss, magnetic-integration requirements, source impedance, con-
troller characteristics, and packaging constraints of the intended application rather than by
a universal topology ranking.

Finally, the 110 V, 50 Hz, 200 V DC-link condition used in this study is a common
laboratory/HIL validation point and is not presented as a universal aircraft electrical-bus
specification. Application to an actual avionics system requires redesign and verification for
the relevant aircraft power interface and assessment against applicable requirements such
as MIL-STD-704F and RTCA DO-160G. The present differential-mode harmonic results do
not by themselves demonstrate standardized conducted /radiated EMI compliance, thermal
qualification, or complete aircraft-network stability. Future work will therefore focus on
physical prototype validation under representative aircraft power conditions, quantitative
copper- and core-loss separation, temperature-rise and packaged-volume assessment,
common- and differential-mode EMI characterization, and system-level stability evaluation
under variable aircraft-source impedances.
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