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Abstract: This paper introduces magnetic integrated high-order trap-trap-inductor (I'TL)
and inductor-trap—trap (LTT) filters featuring two LC-traps designed for grid-tied inverters,
aimed at reducing the size of output-power multi-trap filters. The proposed filters exhibit
excellent harmonic absorption capabilities alongside a compact design. Building on the
conventional integrated inductor—capacitor-inductor (LCL) filter, the approach involves
connecting a small capacitor in parallel with either the inverter-side or grid-side inductors
to create an LC trap. Additionally, a second LC trap can be achieved by integrating the
filter capacitor in series with the equivalent trap inductance, established by the magnetic
coupling between the grid-side inductor and inverter-side one. This paper thoroughly
analyzes the characteristics of the proposed filters. Moreover, a design method is presented
to further minimize the size of the output filter components. Finally, validation through
simulations and hardware-in-the-loop (HIL) experiments confirms the proposed approach’s
effectiveness and feasibility. The integrated designs achieve a size reduction of 35.4% in
comparison with the discrete windings. Moreover, these designed filters comply with IEEE
standards, maintaining a grid-side current total harmonic distortion (THD) of less than
0.9%, with all current harmonics below 0.3% of the fundamental current.

Keywords: harmonic distortion; LC-trap passive filters; magnetic integration; multi-trap
filters; switching harmonics

1. Introduction

The increasing demand for energy has driven rapid advancements in power electron-
ics for renewable generation and microgrid systems [1,2]. Grid-tied converters have been
widely implemented to facilitate the seamless integration of renewable energy sources and
energy storage systems into modern electrical networks [3—-6]. However, these convert-
ers introduce a significant level of harmonic distortion due to pulse width modulation
(PWM). According to the IEEE standard 519-2014 [7], grid current harmonics above the
35th harmonic must be limited to less than 0.3% of the fundamental current to comply with
grid codes. To mitigate these harmonics, low-pass power filters are typically employed to
connect the converters to the power grid and reduce high-frequency PWM harmonics to
acceptable levels [8].

Traditionally, high-frequency PWM harmonics have been attenuated using L filters [9].
Nevertheless, achieving the desired harmonic effectiveness with such simple filters ne-
cessitates a large inductor, leading to bulky and costly power converters. Consequently,
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this larger inductor can restrict grid current dynamics. To address this issue, the inductor—
capacitor—-inductor (LCL) filter has been proposed, which offers a reduction in size while
enhancing performance [10-17]. As the price of copper rises, the cost of inductors increases
as well. To achieve improved harmonic attenuation and minimize overall inductance,
output filters utilizing trap filters have been developed based on the LCL filter. These
include LTL [18-21], LTCL [22-25], SPRLCL [26], L(LCL), [27], and PDTLCL [28] filters,
where the letter “T” signifies one or more LC traps. Each of these modified filters incorpo-
rates at least one LC trap designed to bypass or block specific harmonics. Generally, the
switching frequency and its multiples are the positions where most switching harmonics
are concentrated. When these frequencies align with the resonance frequencies of the LC
traps, PWM harmonics are dramatically diminished. Additionally, trap inductors can be
designed to have small inductances as the resonance frequency of the LC traps is generally
equal to or greater than the switching frequency, greatly lowering the total inductance.
Filters with smaller inductances also greatly reduce the switching harmonics of multilevel
inverters [29]. However, high-order output filters are preferred in low-voltage applications.

LTL filters, categorized as high-order trap filters, have garnered considerable attention.
The inclusion of parallel LC traps enhances harmonics suppression, although it can increase
the trap inductances within the filters. In practical implementations, employing double-
trap filters is advantageous, as the significant harmonics are typically at the switching
and double switching frequencies. Nevertheless, minimizing the output filter remains
challenging since they need two extra inductors in comparison with the LCL ones, where
they account for much of the filter’s size. Size is a critical consideration in filter design, as it
directly impacts performance and overall effectiveness. Designers often strive to achieve
the optimal performance with the minimum size of the filter due to factors like expenses,
spatial limitations, power density, and weight.

Much of the previous research has focused on reducing the overall inductance of
power filters to decrease both their cost and size. The magnetic cores are a primary factor
contributing to the filters’ size. Additional magnetic cores are introduced with high-order
trap filters, which significantly increase the system size, even with a notable reduction
in total inductance. Magnetic integration is a common solution, where several discrete
inductors are combined on one magnetic core [30-38]. The use of EIE cores to integrate
the LCL filter was suggested in [39,40] to improve the efficiency of converters, aiming to
minimize the core size. Three-phase LCL filters have been presented in [41], utilizing delta-
yoke cores, which are approximately 10% smaller than EIE ones. While these approaches
were feasible, they often led to magnetic coupling, which affects the harmonic suppression
efficiency of the filters. Coupling inductance is introduced in the branch of the filter
capacitor by this magnetic coupling. An I core with high permeability was employed in the
case of EIE cores [39,40] to mitigate the effects of magnetic coupling.

Conversely, by utilizing inductance produced through magnetic coupling, [42—45]
developed LLCL filters. However, to achieve the desired trap inductance, a specific air
gap is required in the common flux path of the EE core. This requirement restricts the
flexibility of the design and complicates parameter adjustments post-fabrication. The filters
presented in [42-45] achieved only one LC trap, resulting in limited harmonic suppression
capabilities. In [46], an integrated double-trap LTL filter was introduced. Yet, this design,
alongside the side limbs’ air gaps, necessitated additional inductance between the LC traps,
making the overall design more intricate.

To address these challenges, this paper introduces new output filters named
trap—trap—inductor (TTL) and inductor—-trap—trap (LTT) filters. In these proposed filters,
the magnetic coupling of the grid-side inductor and inverter-side inductor creates an equiv-
alent trap inductance. This inductance is connected serially with the filter capacitance to
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form one LC trap. A small capacitor is connected in parallel to either the inverter-side or
grid-side inductors to form another LC trap. The distinction between the two filters lies
in the placement of the small trap capacitor: in TTL, it is positioned on the inverter side,
while in LTT, it is on the grid side. However, both filters can be designed similarly and
utilized for the same applications. Each filter is composed of two traps: one exhibiting zero
impedance at the resonance frequency and the other presenting high impedance at that fre-
quency, along with either the grid-side or inverter-side inductance. These traps effectively
reduce harmonics around the switching frequency and its first multiple, where they are
predominant in the current harmonics. Consequently, the required inductors of filters are
minimized by addressing lower harmonics at high multiples of switching frequencies.

To validate the feasibility of the presented filters and demonstrate the efficiency of
the integrated components, they are compared with conventional filters, particularly their
equivalent SPRLCL filter. Moreover, the presented approach will be contrasted with the
selective harmonics elimination (SHE) approach [47,48], which employs the controller to
suppress exact harmonics without requiring resonance traps. Nevertheless, it is confined
to offline calculations and requires large lookup tables in lower fundamental frequencies,
often leading to the amplification of high harmonics in an attempt to suppress low har-
monics [29,49-51]. The presented approach is more straightforward, providing a similar
performance for low-order harmonics, while reducing switching losses and enhancing
output waveforms. Furthermore, the coupling effect between the LCL filter capacitance
and inductance generates a trap without additional components, and employing a single
core to the two inductors leads to a more compact design and reduced expenses.

This paper’s contributions are summarized as follows:

1. Integrated multi-trap filters are developed and verified.
A comprehensive investigation into magnetic integration for various inductors
is provided.

3. The harmonic reduction and size minimization validate the proposed methodology.

4. The proposed filters are applicable in a range of electrical power systems, including
industrial systems, renewable energies, transportation, etc.

Section 2 covers the fundamental theoretical and operational specifications of the
presented TTL and LTT filters. Section 3 introduces the magnetic integration approach for
double-trap TTL and LTT filters, followed by an optimal design method aimed at reducing
filter inductances. Section 4 presents the simulation results and findings from hardware-in-
the-loop (HIL) experiments utilizing the proposed approach. Finally, the paper concludes
in Section 5.

2. System Structure and Modeling of TTL and LTT Filters

Figure 1 illustrates an H-bridge single-phase inverter connected to the grid, incorporat-
ing both TTL and LTT filters. The currents iy and i; represent the grid-side and inverter-side
currents, respectively. The voltages vg,, v, and V, correspond to the grid voltage, in-
verter input voltage, and DC-link voltage. With switches 51, S, S3, and S4 operating at
the switching frequency fsy, the inverter input voltage v;,, is rectified into V., containing
harmonics centered around twice the switching frequency 2fs;, and its multiples, due to the
unipolar effect [52]. The harmonics primarily cluster around 2f;;,, when employing unipolar
sinusoidal PWM (SPWM). Therefore, 2f;;, effectively becomes the primary switching fre-
quency. The harmonics around both 2f;, and 4fs, are considerably pronounced compared
to the harmonics around higher frequencies, where they predominantly contribute to the
harmonics of the output current. Thus, the focus on reducing the harmonics at 2f;, and
4f, is crucial for effectively minimizing total harmonic distortion. In practical applications,
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the use of double LC traps is preferred because of the reduced cost and weight, which the
current study further explores.

TLac
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Figure 1. H-bridge single-phase grid-connected converter with a (a) TTL filter; (b) LTT filter.

Additionally, the DC-link capacitor and load are represented as C;. and R, respec-
tively, with Ir4. and I, indicating their currents. The inductors on the grid and inverter
sides, denoted as Ly and L;, are connected in series, with voltages vg and v; across them
and currents ig; and i; flowing through. The currents passing the capacitors C; and Cq are
represented as i;; and ig.. Meanwhile, the DC bus current, grid-side current, and inverter-
side current are denoted by I, i, and i;, respectively. Furthermore, Ls represents the grid
inductance. The filter capacitor Cy is placed at the junction of Ly and L;, with a voltage
labeled vf and the current flowing through it represented as ir. Additionally, vp.c indicates
the voltage at the point of common coupling.

Figure 2 shows the circuit configuration of TTL and LTT filters, each comprising either
the grid-side inductance L¢ or the inverter-side inductance L;, along with two LC traps (a
trap involving M;,Crand a trap involving L;C; or LgC;). Both traps are tuned at 2fs;, and 4fsw,
with M, representing the mutual inductance between L; and L,. As depicted, the mutual
inductance M, can be utilized in both TTL and LTT filters to form a resonance tank with
Cs. Conversely, either L; or L contributes to the creation of another resonance tank with
C; or Cq to dampen switching harmonics. The feasibility of magnetic integration has been
explored in prior studies [30-36,53]. This work highlights the advantages of integrated TTL
and LTT filters, detailing the potential for magnetic integration in multi-trap filter designs.
As illustrated in Figure 2, the configuration allows for the elimination of a series resonance
inductor previously suggested in [26], thereby reducing the size of the passive filter. The
resonance tanks are effective in eliminating exact harmonics from the output current, while
the overall filter attenuates the remaining harmonics. An approach for designing TTL and
LTT filters by adjusting the series resonance frequency at 2f;;, and the parallel resonance
frequency at 4fs, is proposed in this paper.

Li {Mig\x Lg Li-Mig  Lg-Mig Li {M ig\ Lg Li-Mig  Lg-Mi
ﬁ__m o—ﬁg,Tf’”\—o o '——ﬂ}r’ %

Cr

Cr
Ci : Ci Ce |::> Cs
Mig BMzg
—0 o —0 o

() (b)

Figure 2. Circuit configuration of a (a) TTL filter; (b) LTT filter.

The LC-trap configurations in the proposed filters are designed to resonate at spe-
cific harmonic frequencies, particularly at the dominant switching frequencies (2fs;, and
4fsw). Each LC trap consists of an inductor and capacitor arranged to create a resonance
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circuit that provides either high impedance (parallel LC trap) or low impedance (series LC
trap) at the targeted frequencies. At the resonance frequency, the series LC trap acts as a
short circuit, effectively bypassing harmonic currents, while the parallel LC trap creates a
high-impedance path, blocking harmonic currents from propagating further. These traps
significantly reduce the magnitude of the dominant harmonic components in the current
spectrum, as shown in the experimental and simulation results. By incorporating multiple
LC traps tuned to different harmonic frequencies, the proposed filters achieve enhanced
harmonic suppression across a wider frequency range, ensuring compliance with IEEE
519-2014 standards.

Additionally, the block diagrams for the presented output filters are displayed in
Figure 3. The transfer function Grry (s) for the TTL filter, which describes the relationship
from v;,, to iy, can be expressed in Equation (1).

ig(s) ags* +axs? +1
= = 1
GrrL(s) 0in(8) bss® + b3s® + bys @

where
ay = CsCiMig(L; — M;g)

ay = CyMig + Ci(L; — Mig)
bs = CrCiM;¢(L; — Mjg)(Lg — Mig + Ls)
by = (Cr + Ci)(Li — Mig)(Lg — Mig + Ls) + CpMig(Li + Lg — 2Mig + L)
by = L + Lg — 2Mig + Ls

1 lil
of . . Usg )
Vin g o |STMD i i | 1 RVRECE é_’ 1 i
L sCr 8 s(Lg-Mig)

sCi . Ig
lic
(a)
1 igl
vf Ugg
Oin Oi 1 Uf /) Ug r S(Lg -Mig) ig
—_— i >+
s(Li-Mig) Mg L e
SCg :
lgc

(b)
Figure 3. Block diagrams of a (a) TTL filter; (b) LTT filter.

Similarly, the transfer function Grr(s) for the LTT filter, relating v;, to i, is given by
Equation (2) [26].
ig(s) a4s* +axs? +1

GLTT(S) - Oin (S) - b555 + bg,S3 + b15 (2)

where
a, = CngMig(Lg — Mig)

ap = CfMig + Cg(Lg - Mig)
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bs = CyCq(Lg — Mjg)(LiMjg — M, + LiLs)

by = C¢Mig(L; + Lg — 2Mjg + Ls) + Cg(Lg — Mig)(L; — Mg + Ls) + C¢(L; — Mig)(Lg — Mg + Ls)
b = Li-i-Lg—ZMl‘g-!-Ls
The Bode plots for ig(s)/v;(s) of the TTL, LTT, and SPRLCL filters are presented in
Figure 4, utilizing the parameters outlined in Table 1, with detailed parameter development

steps provided in Section 3. The TTL and LIT filters preserve the characteristics of the
SPRLCL filter while achieving significant harmonic suppression at both 2f;;, and 4fs.

160

_ | |
~ I —LTT ]
S 0 \_/k | J —SPRLCL
@
=
£ S~ ]
=-100 3
&
2 ™, | ’ -20 dB/dec

-&4UVU [ ]' | B

10° 10* 10° 10°

Frequency (Hz)

Figure 4. Bode diagrams of TTL, LTT, and SPRLCL filters.

Table 1. Filters” parameter values.

Filter Type TTL LTT SPRLCL
L; (mH) 0.45 0.45 0.45
Cr (uF) 1.4 14 14
Lg (mH) 0.45 0.45 0.45
Ls (mH) 3 3 3
Cq (nF) - 39.09 35.18
C; (nF) 39.09 - -

L (uH) - - 45
M, (1H) 45 45 -
kntig 0.1 0.1 -

From Equations (1) and (2), it is evident that Grrr(s) and Grrr(s) each possess
two zeros at w7 = wi_rrr = win = (1/(MjgCp)Y/? while wyp 71 = (1/(LiC))/? or
wep rrr =1/ (LgCg))l/ 2 Here, w1, wiz 1L, and wyp 77 denote the trap angular frequen-
cies. Figure 4 illustrates that these two frequencies correspond to two magnitude traps. By
aligning these frequencies with the dominant switching frequency, the switching harmonics
can be efficiently suppressed [26,46], as outlined in Equations (3) and (4), where fi1, fi2 1T,
and fi, 177 are the respective trap frequencies. Furthermore, the efficiency of the proposed
TTL and LTT filters in minimizing harmonics is demonstrated by the simulations and

HIL experiments.
1 /1
= 2 = —
ftl fsw 7T CfMig (©)

1 1
ferm =4 = 25\ Gy )
— _ 1 1
foaurr = 4o = 27\ it
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Furthermore, Figure 4 indicates that the magnitude—frequency characteristics of Grry (s)
and Gyrr(s) exhibit two resonance peaks, attributable to the denominator’s order, which
is five. The resonance peaks can be derived by setting the denominators of Grry(s) and
Grrr(s) to zero and replacing s with jw. The initial resonance frequencies of TTL and LTT
filters are nearly identical, which can be approximated as shown in Equation (5) [42,43],
where fres1 and wyes1 denote the resonance and resonance angular frequencies.

Wres] = 27Tfresl ~ é‘z + (Lg + Ls‘)i 2M1g2 (5)
F(Lg + Ls)L; CrMi,

Figure 4 illustrates that both the LTT and SPRLCL filters offer superior harmonic
suppression for the inverter-side current, marked by a lower second resonance peak and
a steeper roll-off in the high-frequency domain. It is critical to position the resonance
frequency away from the multiples of the switching frequency to prevent harmonic am-
plification [22,30], ideally around 43 kHz, as shown in Figure 4. Additionally, the second
resonance peak of the TTL filter is observed at a higher frequency. Beyond the second
resonance frequency, both the TTL and LTT filters achieve harmonic suppression at a rate
of —20 dB/dec.

These resonance peaks could pose stability challenges for the system. Various damp-
ing strategies, including passive damping [54-56] and active damping [57-61], have been
suggested to enhance system stability. Passive damping effects may be significantly more
pronounced in real implementations due to the typical increase in equivalent series resis-
tance (ESR) of passive components at high frequencies. Employing a single-current loop
controller with inherent delay can also stabilize the system by appropriately configuring
the filter resonance frequency [62-64]. The design of a resonance frequency above the
Nyquist frequency [43,65] is advantageous due to extra losses associated with passive
damping techniques and the high costs of active damping techniques. Additionally, para-
sitic resistances in the filter may provide effective damping to improve system stability and
performance. Extensive stability analyses have been conducted in earlier works [43,65];
thus, this paper focuses on the magnetic integration aspects of TTL and LTT filters without
replicating that analysis.

3. Magnetic Integration Approach and Design of TTL and LTT Filters

This section provides a comprehensive method for designing the magnetic integration
technique and selecting the parameters for the TTL and LIT filters. To highlight the
advantages of the proposed integrated filters, a size comparison with the discrete SPRLCL
filter will also be conducted.

3.1. Magnetic Integration Approach

The concept of designing passive filter inductors has been widely examined in the
relevant literature. Typically, in the LCL filter, both the inverter side and grid side require
a separate inductor, meaning two inductors need to be manufactured. For SPRLCL [26],
TTL, and LTT filters—where two LC traps are used, as depicted in Figure 2—an additional
inductor and capacitor are required, adding to the inverter-side and grid-side inductances.
As aresult, these filters remain relatively large and costly due to the need for extra capacitors
and magnetic cores for trap inductors, despite their reduced total inductance compared
to standard LCL filters. Magnetic integration, a proven technique for LCL [39,40] and
LLCL [42,43] filters, is suggested here to enhanced power density and cost savings.

Using the magnetic integration from LLCL filters as a foundation, Figure 5a shows the
integrated magnetic design for TTL and LTT filters. One air gap is inserted into the central
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limb and two gaps in the side limbs of the magnetic circuit, which consists of EE magnetic
cores, to prevent magnetic saturation. For the same purpose, the side limbs’ cross-sectional
area is half that of the central limb. Such E cores are often produced for industrial use.
The core size, material, turn number for each inductor (N and N;), and air gap lengths
(lgs for the side limbs and I, for the central limb) are essential parameters in building
these filter inductors. Air gaps help prevent saturation but decrease magnetic permeability,
requiring more turns to achieve the desired inductors. Figure 5b shows the magnetic circuit,
which simplifies calculations by ignoring reluctances in the yokes and limbs since air-gap
reluctances are significantly higher. Thus, the three limbs” magnetic resistances (R;, Ry,
and Rg) are mainly defined by air-gap reluctances. The flux density should be evaluated to
design the magnetic core of integrated filter inductors. The circuit’s electrical connections
are shown in Figure 2, where inductors L; and Ly wound on the side limbs are negatively
coupled due to opposing flux directions. This negative coupling helps to minimize the
filter size, with magnetic coupling between L, and L; creating “active trap inductance”.

@i s
Dy Dy e
L Pi | o | Ps
<_::’ Li Lg |
] G
— léG lgc ng< — Ri R § Rg
N B P =
vy N;
Nita Nyigl
1ia igl
+ Vi — + Vg -
(@) (b)

Figure 5. Proposed magnetic integration of TTL and LTT filters: (a) integrated inductor core structure
of L; and Lg; (b) simplified magnetic circuit.

Conversely, the second trap can be created by pairing the capacitor (C;) with the L;
for the TTL filter or Cg with the L windings for the LTT filter. Coupling inductance of one
LC trap is formed via the integration of L and L;. As depicted in Figure 5b, L; winding
generates the flux @;, while ®;, and ®;,, are fluxes from L; that flow through the Ly winding
and central limb, as shown in Equation (6), with magnetic resistances R;, R;;, and Rg of the
three limbs given by [30,31,43,46].

Similarly, the flux ®g is generated by the L, winding, while ®,; and ®y,, represent
the fluxes from L¢ that flow through the L; winding and central limb, as described in
Equation (7) [30,31,43,46].

Each inductor winding’s total flux is the sum of self-flux and mutual flux. Therefore,
V;and V, are defined in Equation (8) [43,46] and further expressed using Equations (6)—(8)
in Equation (9) [31,43]. Here, the mutual inductances M;, and M,,; and self-inductances L;
and L are depicted in Equation (10) [30,31,42,43].

D — Niijy _ Niiil(Rm+Rg)
r Ri-‘rRmHRg T RiRp+RiRg+RimRg”

O — Niij (Rm+Ry) Ry NjigRq ©)
m = Rian+RiRg+Rng Rm+Rg - Rern+RiRg+Rn,Rg’

) Niiiy (R’"+R8) Ry Niij R

ig = R[an+R;R8+RmRS Rnl*FRg = R;an+R;RS+RmRS'
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®. — Niigi (Rp+R;)
8 T RiRu+RRg+RuRy’
B NgigR;
q)gm - RiRnt+RiRg+RvnRg’ (7)
. — Ngigi R
81 = RiRmT RiRg+RuRy "
_ A d
Vi = Ni i (®; — @), ®)
_ d _d.
Vg = Ng 5 (Pg d),g).
diy
Vi Li _Mig dilt (9)
= dl 1 4
o o N;NgRy
Mig = Mgi = iR RiRg+ Ry
L NZ(Ryu+Rg)
i = RRnTRRgTRnRs’ (10)

NZ(Rm+R;)
Lg = RiRu+RiRg+RuRy"

Since M, and M,; are identical, both can be written as M;,. The coupling between the
two inductors follows Equations (9) and (10). Additionally, Equation (11) represents V; and
Ve [42,43] based on Equation (9).

— — 1.4 digy
Vi=Vin = V¢ = LiZi — Mig ;- an
di i
Ve =V = Vpee = Lg% - Mig%-

Using Equation (10), the magnetic resistances define self and mutual inductances,
as shown in Equation (12). In this equation, Ac and Ag are the central and side limb
cross-sectional areas, where Ac = 2Ag, and the permeability of air is pg = 471 x 1077
N/AZ[30,31,42,43,46].

1
Rl — R — L0
8 Ay’
lee s#o (12)
t A&Ho'

Finally, substituting Equation (12) into Equation (10) allows for the calculation of self
and mutual inductances, shown in Equation (13) [30,31,43].

L — NZpg(lgc As+lgs Ac)
! 2Ugs (Tge+lgs )
N2pg(lgeAg+lgs A
Lg: g 0(36 STigs C), (13)
2 (Lgc+1gs )
M. — NiNgpiglgeAs

187 2y (Igetlgs)

Equation (14) illustrates the coupling coefficient kyj;;, which measures the mutual
inductance between two circuits, calculated as in [30,31,43]. Adjusting lc and Igs, or their
ratio lgc/lgs, allows for fine-tuning of the coupling coefficient.

Mig 1
kMig = = .
VLiLg 1+ 2l /Iy

Utilizing the magnetic coupling, as shown in Figure 2, the proposed approach can form

(14)

an equivalent trap inductor, eliminating the need for multiple magnetic cores and reducing
the size and cost of TTL and LTT filters. Unlike the SPRLCL filter, this configuration does
not require additional components.
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Prior research, such as [42,43], designed LLCL filters with magnetic coupling but
required a specific air gap in the shared flux path of an EE-type core, limiting design
flexibility and complicating adjustments after manufacturing. Since only one LC trap
was achieved, these designs offered limited harmonic suppression. The integrated LTL
filter with two traps, presented in [46], necessitated additional inductance between the
traps and featured a complex design with side limbs’ air gaps. The proposed approach,
however, only requires a small additional capacitor, creating a second LC trap for enhanced
harmonic suppression.

3.2. Design of the Proposed Magnetic Integrated Filters

In this study, the AC grid is considered weak, with a grid inductance of L; = 3 mH.
To design parameters for magnetic integrated TTL and LTT filters, the system parameters
outlined in Table 2 are applied, with an inverter-side current ripple Aly; of less than 40%
and harmonic suppression compliant with IEEE 519-2014 [7]. Based on the DC-link resistor
Rjc, the converter functions as a rectifier. The design of L;, based on methods for LCL
and LLCL filters [43,65], is calculated in Equation (15) for a single-phase unipolar SPWM
H-bridge rectifier with Al; < 40%, ensuring protection against IGBT saturation.

0.5 % 0.5 x Vy,
Li= ————F ~ 045 mH. 15
L 2y =
Table 2. System parameters.

Description Symbol Value
Rated power P, 1 kW
Network voltage (RMS) Voo 110V
Dc-link voltage Vie 200V

Dc-link capacitor Cac 1000 wF
Dc-link resistor Rye 40 Q)
Fundamental frequency fo 50 Hz

Switching frequency fow 10 kHz

Given that this setup achieves the lowest resonance frequency for optimal inductance
usage, the design for Ly mirrors that for L; [33,43]. The total inductance Ly = L; + Lg
needs controlling to keep the AC voltage drop across inductors below 10% of the RMS
grid voltage vge [26]. The maximum value for Ly, is shown in Equation (16), where I, is
the RMS of the reference current I,,r = Py /vge = 9.09 A for output power P,. Calculated at
0.9 mH, Ly, is within acceptable limits for L; + L.

0.1 x Vgq

L:i+L, < ———=22
i+ 8= 27Tf01n,f

= 3.85 mH. (16)

In addition, Cr and M, are selected according to Equations (3) and (5), where the
resonance frequency frs1 of the magnetic integrated TTL and LTT filters is set between
half the switching frequency 1/2fs, and five-sixths of it 5/6f,, while fi; equals 2fs,
(i.e., fr1 = 20 kHz). To further enhance system stability and counteract inductance reduc-
tion with a rising current, a midpoint resonance frequency of fyes1 = 2/3fs = 6.67 kHz
is used [43,65]. With this approach, Cr and M, are calculated to be 1.4 pF and
45 uH, respectively.

Additionally, based on Equation (14), the coupling coefficient ky;; is optimized to be
0.1 (or 1/10). This results in a calculated lgs /I ratio of 4.5, indicating that the values of L;
and L¢ primarily depend on .
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The additional capacitor (C; for the TTL filter or Cq for the LTT filter) is derived using
Equation (4) and found to be approximately 39.09 nF. However, the total capacitance Ciyy
needs limiting based on the rated reactive power consumption to satisfy power factor
requirements [46], which can be expressed as shown in Equation (17). This sets C;y,; at
1.439 uE comfortably below the maximum limit specified in Equation (17).

0.05 x P,
Crotal = Cf +Ci = Cf + Cg < W = 13.15 uF. (17)

Power loss in the integrated inductors can be reduced by employing Litz wire with
a cross-sectional area of 0.5t mm? (S,,) and low ESR. The design criteria for magnetic
integration are based on the inductances calculated earlier. The selection process begins
with choosing an EE-type magnetic core, taking into account the core size, material, relative
permeability y;, resistivity, saturation flux density Bsat, and cost. High values of Bgat or
ur reduce the inductor’s required turns, leading to a smaller, lighter design. Meanwhile,
higher resistivity helps to decrease eddy current losses. A balanced selection of these factors
ensures cost-effectiveness in producing an efficient inductor. The proposed multi-trap filters
utilize ferrite cores due to their availability, cost-effectiveness, and adequate performance
in medium-power applications. However, recent advancements in soft magnetic materials,
such as Fe-based nanocrystalline materials, present an opportunity for further performance
improvements. These materials, as discussed in [66,67], exhibit high permeability, low
losses, and excellent frequency responses, making them ideal for high-frequency and high-
power applications. Incorporating Fe-based nanocrystalline cores in the multi-trap filter
design could significantly enhance its EMI filtering capabilities and harmonic suppression.
The high permeability of these materials allows for smaller core sizes while maintain-
ing inductance values, contributing to a more compact filter design. Additionally, their
low coercivity minimizes core losses, thereby improving overall efficiency. Future work
could explore the integration of nanocrystalline materials into the proposed filter topology,
potentially achieving even better harmonic suppression and power density.

The well-known area-product method [68] is used to determine the dimensions of the
magnetic core. Given that L; = Lg, the area-product (Ap) for the window area Ay and core’s
cross-sectional area Ag for L; or Lg is used to select appropriate cores of integrated inductors.
The EE core type is chosen based on this method [68], with L; = 0.45 mH, maximum current
Iiimax =20 A, and core saturation flux density Bmax = 0.35 T, where Bmax is set as ABgat with
0 <A <1, and Bsat is 0.49 T at 25 °C. The margin A is set at 0.714 to ensure a 30% safety
margin. The Ap is calculated as 8.08 x 108 m*, as shown in Equation (18), where k, = 0.5

is the utilization factor.
_ LiIilfmaxSw

Ap =
P ku Bmax
According to the TDK product catalog [69], one pair of E 70/33/32 cores is selected,
with Ay =0.55 x 1073 m? and As = 0.35 x 10~2 m?, yielding an area-product of approxi-

(18)

mately 19.2 x 1078 m* ~ 2Ap, providing an ample size margin. The inverter-side inductor
winding turns N; are carefully calculated to prevent saturation of the central limb, as
illustrated in Figure 5a. The number of winding turns is determined by Equation (19), with
the optimal power loss achieved at 70 turns after accounting for certain parameters, as a
high turn count and layers increase skin and proximity losses [70-72].

Lililfmax
;= = — 1
NI Ng ASBmax ( 9)

In the proposed design, the flux through the right-side limb, wound by the grid-
side windings, remains lower than the maximum flux @max = BmaxAs, where Bnmax is set at
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0.742 times Bg,t, ensuring no saturation. Assuming that magnetic resistance primarily arises
from the side-limb air gaps, inserting los = 4.5l,c and Ac = Ag into Equation (13) results
in Equation (20), where loc = 0.97 mm and lgs = 4.35 mm are calculated. For experimental
purposes, the air-gap length in the central limb can be adjusted by placing a small I-core
within it, allowing for minor modifications to the mutual inductance.

_ NiZVOAs

g = 495L; ° (20)

Assuming that L; and L, are equivalent to those in the proposed filters, the SPRLCL
filter is designed in similar steps. Here, Cr is set to meet Equation (5) with M;, = 0, placing
the fres1 of SPRLCL between 1/2fs, and 5/6fs,. The midpoint 2/3fs, = 6.67 kHz is selected
to maintain consistency with the proposed filters. As a result, Cyis calculated at 1.43 uF, the
same value chosen for Cyin the proposed filters, to enable a fair comparison. The additional
inductance Ly is derived by substituting L¢ with M, in Equation (3), and it can be selected
as 45 pH. Thus, Ly is calculated as 0.945 mH, below the upper threshold of L; + Lg + Lras
determined in Equation (16). The additional capacitor Cq, calculated by Equation (4) with
M =0, is 35.18 nF, resulting in a total capacitance Cyyyy 0f 1.435 pF, safely below the limit
for Cs + Cq in Equation (17).

After completing the design steps, the parameters for the integrated TTL, LTT, and
SPRLCL filters are as outlined in Table 1. Additionally, Figure 6 illustrates the overall design
flowchart for the proposed filters as a general guide, where any unmet condition prompts
a return to the initial step. The inductance value from Equation (15) and other parameter
values serve as examples to validate the proposed design. Verification results confirm that
all conditions are met, so revisiting the initial steps is unnecessary. The parameter values
are finalized after fine-tuning. The same controller used for [31,43] is suitable for a grid-tied
converter with these presented filters, though it is not covered in this paper. Verification
results will be presented in Section 4 to demonstrate the design’s effectiveness.

Decrease Decrease
Al Al

Adjust Calculate Crand Mig|
Les/lse based on (3) and (5)

Ig/lsevalue is
reasonable

Cr+ Gi
= Cr+ Gp<0.05 p.u.

as in (17)

Calculate Ni and N; based on (19)

No No

Total losses <5 %
Efficiency = 95 %

armonics around
2nfw <0.3%

All yes

Verification & End

Figure 6. Flowchart of the presented TTL and LTT filters” design method.
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3.3. Comparison of Integrated and Discrete Inductor Sizes

As previously discussed, the integrated multi-trap filters eliminate the need for an
extra inductor and components, saving both core space and cost. Since both L, and L; are
wound onto a single core’s side limbs, this integration replaces the three cores needed for
filters such as SPRLCL or similar designs, like LCL-LC and LTCL ones.

Comparing the size of integrated and discrete inductors is crucial. The SPRLCL filter’s
discrete inductors can be wound onto the central limbs of three EE core pairs, where the
central limbs have a cross-sectional area twice that of the side limbs, making saturation
less likely. This configuration allows for the use of smaller cores for discrete inductors.
However, the total core size must be compared between discrete and integrated setups to
ensure a fair assessment.

Without magnetic integration, the area-product requirements for discrete L; and
L are calculated as 8.08 x 1078 m* and 6.06 x 1078 m*, respectively. Suitable EE
cores (EE 65/32/27 and EE 56/24/19) from the TDK catalog [69] offer area-products
of 29.4 x 1078 m* and 9.55 x 10~8 m*. By removing ripple currents, the grid-side induc-
tor’s area-product requirement is reduced by 40% to 4.85 x 10~8 m*. Hence, a single E
55/28/21 core with an area-product of 13.6 x 10~® m* meets these requirements.

Using the area-product method [68], the integrated winding core size is Vizg = 11.3 x 107> m3,
while the discrete setup requires Vigs + Viss + Vise = (8.7 +49 +3.9) x 1072 =175 x 107> m>.
As shown in Figure 7, integrated windings enable a 35.4% size reduction compared to

discrete designs.
E 70/33/32
70.5 32
‘ 48
o N
8 22 o
—
N
A,

Vezo=11.3 x107> m?

(a) Integrated windings core

VEes = 8.7 x10~5 m3

E 65/32/27 E 55/28/21 E 56/24/19
65 || 274 55 21 56.1 18.8
A
442 37.5 38.1
°<? A 2 17.2 s 18.8 P
& 20 o~ S o o 5
N — —
9\ 3 Y
A 4 -
Viss = 4.9 x1075 m? Vese=3.9>107 m?

(b) Discrete windings cores
Figure 7. Dimensions of (a) integrated TTL and LTT windings’ core; (b) discrete SPRLCL windings’ cores.

4. Simulation and HIL Experimental Results

To assess the effectiveness of the presented output filters and their design approach,
simulations were conducted by MATLAB/Simulink R2023b, alongside the HIL experimen-
tal platform, for a 1 kW grid-connected inverter. The efficacy of TTL and LTT filters was
evaluated in comparison with the discrete SPRLCL filter. Tables 1 and 2 outline the primary
system parameters adopted to construct the verifying models according to the configura-
tion shown in Figure 1. A thorough analysis was performed, examining various passive
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filters” strengths, weaknesses, durability, complexity, and size. The harmonic suppression
capabilities and transient behavior of the three filters were evaluated through simulation
and HIL testing. The performance metrics obtained are presented in Table 3.

Table 3. Filter performance indexes.

Index TTL LTT SPRLCL
Harmonics at 25 (% Lep) 0.25 0.15 0.00
Harmonics at 4fsw (% Lep) 0.02 0.00 0.00
Harmonics at 6fs, (% Liep) 0.01 0.00 0.01

THD of ig (%) 0.90 0.85 0.83
Core size (x107° m?) 11.3 11.3 17.5

4.1. Simulation Results

To provide a clearer understanding of the simulation setup and its execution, Figure 8
shows the Simulink model used for the TTL and LTT filters” simulation. The model
comprises key components such as the grid, inverter, control system, and filter design. This
representation highlights the interconnections and the functionality of the integrated TTL
and LTT filters, offering an improved understanding of the results. Each subsystem within
the Simulink model is appropriately configured to simulate steady-state and transient
responses under varying operating conditions.

EDS i |
la ) I
[E Continuous Vde e > [:I
/ l—b Vdc b‘
[ }—{&] [ >
> vo —J
Vo Ref Qutput voltge and input voltage/current
| ’E—’ e Van_C Van G |
S Van >
L V_an I
’E P Repeating Sequence h
I ——

[ 0 l E P 1a0, ic0, Ig_ref PWM Signals Phase A voltage and current
1A_m2

1a0, 1cD, Iq_ref — Van

D "G:_l 1Ph Bridge Cnnven'] = I B > e |

G

Ls 1A m o 1A m1 +
— i —

I g

s Q f;,: — @

Van1 Phase A currentl
Vdc

Phase A voltages

e
.

| 1@ - LD inv
inv < : >u R 28 -
{(2a 1 ond -

grid o+ (—a

- e

TTL LTT

Figure 8. Simulink model of the proposed TTL and TTL filter system.
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Figure 9a illustrates the waveforms for inverter-side current i;, grid-side current i,
network voltage vgo, and DC bus voltage V. for the integrated TTL filter in the steady
state. As shown, V. stabilizes close to 200 V, with a small error of 8 V (4%) due to the
control system’s voltage loop. The current spectrum of i, is displayed in Figure 9b, showing
that low-order harmonics meet IEEE standard 519-2014 [7] requirements, with switching
frequency harmonics kept well below the 0.3% threshold, and a total harmonic distortion
(THD) of ig at 0.90%. Thanks to the placement of two LC traps, the double and quadruple
switching-frequency harmonics are reduced to 0.25% and 0.02%, respectively. Additionally,
harmonics in i at frequencies above the quadruple switching frequency are effectively
suppressed, with sixfold harmonics kept to 0.01% of the fundamental current, safely within
the allowable limits. Table 3 provides a detailed breakdown of the current harmonics, all of

which comply with IEEE 519-2014.
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Figure 9. Simulation results of the proposed TTL filter: (a) waveforms of currents and voltages;

(b) grid-side and inverter-side currents’ spectra.
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In Figure 10a, the same waveforms for the LTT filter in the steady state are shown.
Similar to the TTL filter, V4. stabilizes near 200 V, with an error of only 8 V (4%). Moreover,
the grid current i; appears well-filtered and sinusoidal in the steady state. As shown in
Figure 10b, the THD of ig is a low 0.85%, primarily due to the LTT filter’s strong attenuation
of low-order harmonics, which achieves harmonic reductions of 0.15% and 0.00% at the
double and quadruple switching frequencies, respectively. High-frequency harmonics
are also well suppressed, with sixfold harmonics maintained at 0.00% of the fundamental
current. This setup ensures all harmonic currents remain below the 0.3% threshold, meeting
IEEE 519-2014 standards. Table 3 further outlines the detailed harmonic components.
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Figure 10. Simulation results of the proposed LTT filter: (a) waveforms of currents and voltages;
(b) grid-side and inverter-side currents’ spectra.
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For comparison, Figure 11a illustrates the waveforms when using an SPRLCL filter.
This segment conducts a performance comparison for the presented filters and existing
ones [26]. The SPRLCL filter, commonly used in the literature with two traps, was subjected
to similar testing for a performance comparison with the TTL and LTT filters, as shown in
Figures 9-11. When the SPRLCL filter replaces the TTL and LTT filters, the waveform of
i remains sinusoidal, demonstrating that low-order harmonics are effectively managed.
Figure 11b shows that harmonics at double and quadruple switching frequencies are
also reduced. The harmonics at frequencies beyond four times the switching frequency
are efficiently suppressed, with sixfold harmonics limited to 0.01% of the fundamental
component. As shown in Table 3, the SPRLCL filter achieves a THD of i; equal to 0.83%,
meeting IEEE standards, albeit with larger filter components. Overall, the proposed filters
perform similarly to the SPRLCL filter, validating their compact and effective design.
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Figure 11. Simulation results of the discrete SPRLCL filter: (a) waveforms of currents and voltages;
(b) grid-side and inverter-side currents’ spectra.
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The effectiveness of the proposed filters in mitigating current harmonics is further
demonstrated through detailed FFT analysis. Figure 9b illustrates the harmonic spectra
of the current before and after the implementation of the TTL filter. The results show
significant attenuation at the dominant switching frequencies, 2f;;, and 4fs», where the
harmonics are reduced from 11.14% and 1.93% to 0.25% and 0.02%, respectively. Similarly,
Figure 10b presents the harmonic spectra for the LTT filter, highlighting reductions at 2fs,
and 4fs, to 0.15% and 0.00%, respectively. High-frequency harmonics beyond 4f;;, are
also effectively suppressed, with components at 6f;;, reduced to negligible levels. These
results validate the strong harmonic attenuation capabilities of the proposed filters. A
comparison of the FFT results for both filters is provided in Table 3, showcasing their
performance relative to the discrete SPRLCL filter. This expanded analysis provides a
more detailed understanding of the harmonic suppression achieved by the proposed
filters, reinforcing their compliance with IEEE 519-2014 standards and their suitability for
practical applications.

Though all three filters achieve a THD below 5%, the required inductance varies.
Moreover, the switching current harmonics at LC-trap frequencies are comparable across
the three methods, affirming the effectiveness of the proposed approaches. Additionally,
the TTL and LTT filters save two cores in comparison with the SPRLCL one, which translates
to cost and size reductions. As shown in Table 3, the SPRLCL filter occupies a volume
of 17.5 x 107 m3, compared to the compact 11.3 x 1075 m3
Furthermore, as can be seen in Figures 9b and 10b, the LTT filter slightly outperforms

size of each integrated filter.

the TTL filter in harmonic suppression due to lower ripple on the grid-side inductance,
resulting in marginally lower THD.

Dynamic testing was executed for the TTL filter, with the results shown in Figure 12.
The load is reduced by 75% (from 40 Q) to 30 Q) at f = 0.50 s. The TTL filter maintains
stability despite the 25% load variation during the dynamic period. The DC-link voltage
drop remained below 12 V, with a total transient duration of 0.06 s, then smoothly returned
to its setpoint, demonstrating the robust design.
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Figure 12. Simulation dynamic waveforms with a 10 () load step-down using the proposed integrated
TTL filter.
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The LTT filter was also subjected to dynamic testing, with load variation waveforms
shown in Figure 13. Att = 0.50 s, the load was stepped down from 40 Q2 to 30 (), assessing
the filter’s ability to follow command changes. Similar to Figure 12, the dynamic behavior
was consistent, as the current controller was designed similarly. The instability suppression
of the filter, i.e., to return to its setpoint, is the essential requirement in dynamic states. The
LTT filter effectively maintains stability during load changes, with the DC-link voltage
briefly decreasing before gradually returning to the setpoint.
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Figure 13. Simulation dynamic waveforms with a 10 () load step-down using the proposed integrated
LTT filter.

Section 3.2 indicates that the integrated inductors were designed with a sufficient
margin to prevent current saturation. The maximum current in this example is 20 A, or
Liimax = Igimax =20 A. System transients were examined by applying a step change in DC
voltage to assess current saturation at this maximum. A 40 V step-up in V. (from 200 V to
240 V) was applied at t = 0.50 s to evaluate the transient response and current saturation
using the integrated TTL filter. The results, shown in Figure 14, demonstrate that the TTL
filter maintains stability, with the system operating normally during transients even at the
peak current. The filter encountered minor transients before returning smoothly to the
setpoint without oscillations, indicating robust switching harmonic suppression.

Figure 15 illustrates the transient simulation results for the integrated LTT filter when
the DC-link voltage V. is increased by 40 V (from 200 V to 240 V) at t = 0.5 s. The
gains for the current controller are similar to those used in the previous test with the TTL
filter. As shown, the resulting waveforms closely resemble those in Figure 14, confirming
the filter’s stability and its ability to attenuate switching harmonics. Although the filter
experiences brief transients, it quickly returns to the setpoint without fluctuations. The
system’s transient response takes a short time to stabilize before the current starts following
its reference, with the entire transient phase lasting only around 60 ms.
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According to earlier studies [43,65], the resonance poles of the TTL and LTT filters can
be further dampened by L;. As can be seen in Figures 1215, this added damping minimizes
ringing in the grid-side current. However, the system’s overall dynamic response takes
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longer to stabilize, as it requires more time for the current to align with the reference,
resulting in a slightly extended dynamic period.

4.2. HIL Experimental Results

An HIL testing platform was developed to assess and validate the proposed filters’
performance. A primary benefit of the HIL experiment setup is its ability to evaluate
the prototype without requiring physical components, as depicted in Figure 16 [73]. HIL
provides additional benefits, allowing designers to bypass environmental constraints and
natural testing. Since HIL simulations can emulate plant models, this approach is cost-
effective. HIL testing reduces both the cost and time associated with physical validations, as
well as the development time for modifications across various scenarios [74,75]. Moreover,
HIL tests enable quick identification and reconfiguration of barriers, accelerating real-
time testing compared to traditional methods. HIL's precision, affordability, and flexible
scheduling make it advantageous over physical tests.

Control Real-Time —
Model Controller

V/A Signal

Real-Time
Simulator

Figure 16. Diagram of HIL experiment platform.

This testing method holds significant potential in both industrial and academic set-
tings, because of HIL’s capability of providing a secure, rapid prototyping environment
for research and development [31,38,43,73-97]. For large, complex systems, HIL creates a
safe testing environment. HIL is particularly effective for assessing design methodologies
in systems with complex, independent models, fast dynamics, or high switching frequen-
cies [74,81,85,86,89-91,94-97]. As a modern technique, HIL is frequently used to test and
validate power electronic systems [73,75,82-84,92]. HIL has proven valuable for evaluating
network-tied converters with passive filters, addressing the challenges of complexity, cost,
and stability requirements [31,36,38,43,82,83,85].

It should be noted that the presented filters are still in the research phase. Using the
HIL platform for testing and evaluation is more cost-effective at this stage compared to
developing physical prototypes, which may follow in later phases. It serves as a valuable
verification approach for new design methods, allowing the assessment of system accu-
racy and efficiency without the expense of real implementation [36,74,81,85,86,88-91,93].
This study uses the standard HIL approach to represent the proposed filters. Based on
previous work [31,36,38,43,82,83,85], it is believed that HIL testing provides results that
closely match actual physical tests. The HIL setup includes the components illustrated in
Figure 17. Furthermore, it conforms to OXI-5 PXI hardware standards, offering enhanced
synchronization and high reliability, minimizing repair times [75].

MATLAB/Simulink was used to program the control system, utilizing a fixed-step
solver. The HIL testing was performed using StarSim (https:/ /www.modeling-tech.com/
en/products/144.html, accessed on 13 December 2024), a real-time simulation system
software developed by ModelingTech (Shanghai, China). Models for the control circuit
and grid-tied inverter with filters were included in the StarSim environment. The closed
loop is formed when these models are executed on the RTC and RTS, respectively. The
parameters here are like those adopted in the simulation stage. Voltage and current
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waveforms were monitored using a scope, with experimental waveforms later analyzed in
MATLAB/Simulink using the Powergui FFT Analysis Tool.
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Figure 17. Setting of HIL experiments.

Only the LTT filter’s performance in this experiment is presented, as its waveforms
were similar to those obtained from the TTL filter. Figure 18 shows the experimental
waveforms and harmonic spectrum of ig for the LTT filter. The control system maintains
V4 close to 200 V, with an error of just 8 V (4%). The i, is well-filtered, exhibiting a
highly sinusoidal waveform. By tuning the two traps to 20 kHz and 40 kHz, current-
switching harmonics are significantly minimized. As the current harmonics fall below the
0.3% criterion, this filter adheres to IEEE 519-2014 requirements.
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Figure 18. Experimental waveforms and grid-side current spectrum for the integrated LTT filter.
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For a comparison, Figure 19 shows the experimental results with the SPRLCL filter
replacing the LTT filter. The ig waveform remains sinusoidal, confirming that low-order
harmonic mitigation is maintained. The double- and quadruple-switching frequencies’
harmonics are also effectively reduced. When compared with Figure 18, the proposed
filters exhibit a comparable performance to the discrete SPRLCL filter, highlighting their
effectiveness despite their smaller size.
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Figure 19. Experimental waveforms and grid-side current spectrum for the discrete SPRLCL filter.

Even though the proposed magnetic integrated TTL and LTT filters have the advantage
of lower weight and size than the discrete SPRLCL filter, the power losses of their inductors
must also be examined for a fair comparative analysis. The direct measurement or calcula-
tion of the inductors” power losses is difficult because of the vast quantities of switching
harmonics in the inverter-side output voltage v;,, and current 7;. Thus, the system efficiency
is calculated under the same conditions to compare the inductors’ power losses of the three
selected filters. The system efficiency is calculated by P,/P;,, where P;, is the active input
power calculated by P;, = Vgelorms in unity factor working conditions, and P, is the dc side
output power calculated by P, = Vgclye. Vg and Igrms are the RMS values of vge and ig,
respectively, while V. and I are the average values of v;. and i, respectively, which can
indeed be measured or calculated directly. The losses are calculated by subtracting P, from
P;,,. When subjected to circumstances corresponding to a full load, the system efficiencies
of the integrated TTL and LTT and discrete SPRLCL filters are 94.36%, 97.25%, and 97.23%,
respectively, indicating that these three filters have losses of 59.77 w, 28.28 w, and 28.49 w,
respectively. As can be seen, except for the integrated TTL filter, the efficiency is roughly
the same and greater than 97.2%, indicating low system power losses. As can be observed,
the efficiency with the proposed integrated TTL filter is slightly less than that with the other
two filters because the ripple is large on the inverter-side inductance.

To test the dynamic response of the integrated LTT filter, a step change in the DC load
resistance from 40 Q) to 30 (2 was introduced at t = 0.5 s. Figure 20 shows the dynamic
performance, indicating that the system handles load changes well, similar to the simulation
results shown in Figure 13. The primary requirement during dynamic conditions is the
capability of the filter to maintain stability, measured by returning to its setpoint. The LTT
filter remains stable under load changes, with the DC-link voltage dipping before gradually
returning to its setpoint.
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Figure 20. Experimental dynamic waveforms with a 10 () load step-down using the integrated
LTT filter.

A transient test was also conducted on the LTT filter, where a 40 V step-up variation
in V. was applied. The experimental results, shown in Figure 21, are consistent with the
simulated results in Figure 15, verifying that the filter maintains stability while attenuating
switching harmonics. The LTT filter experiences minor transients before returning to
the setpoint, which demonstrates the system’s resilience. Despite the transient phase
lasting only around 60 ms, the system quickly stabilizes as the current begins to follow
the reference.
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Figure 21. Experimental transient waveforms with a 40 V step-up in DC-link voltage using the
integrated LTT filter.

The comparison between the proposed TTL and LTT filters is summarized here to
identify the most suitable topology for practical applications. Both filters achieve similar
steady-state harmonic suppression, with THD levels of 0.90% and 0.85%, respectively,
meeting IEEE 519-2014 standards. Additionally, both designs successfully attenuate har-
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monics around the dominant switching frequencies (2f;, and 4fs,), demonstrating strong
trapping capabilities. However, a closer evaluation reveals notable differences. The LTT
filter exhibits better efficiency (97.25%) than the TTL filter (94.36%) due to reduced ripple
on the inverter-side inductance. Furthermore, the LTT filter demonstrates a slightly better
performance in dynamic scenarios, with faster stabilization times and lower transient
voltage fluctuations. On the other hand, the TTL filter has a simpler design, making it easier
to implement and more cost-effective for applications where these factors are prioritized.
Considering the performance indices and practical requirements, the LTT filter emerges
as the more suitable option for applications where efficiency, power quality, and dynamic
performance are critical. The TTL filter, however, remains a viable alternative for systems
with lower complexity and cost constraints.

In general, the experimental results align closely with the simulation data and theoret-
ical analyses presented earlier. The performance of the proposed TTL and LTT filters was
evaluated in this study against existing solutions, such as the SPRLCL filter, as described in
this section. Both the simulations and experiments confirm the theoretical accuracy, vali-
dating that the proposed integrated TTL and LTT filters retain the benefits of the SPRLCL
filter while addressing its limitations. These results demonstrate the performance similarity
of the proposed filters and the SPRLCL filter, validating the designing robustness. While
achieving comparable harmonic suppression (THD levels of 0.90% and 0.85%, respectively,
versus 0.83% for the SPRLCL filter), the proposed filters offer significant size reductions,
with core volumes reduced by approximately 35%. This compact design eliminates the need
for additional magnetic cores, simplifying configurations and reducing costs compared to
traditional solutions like LTCL and LCL-LC filters. In addition, the integration of magnetic
components in the proposed filters improves efficiency by minimizing core losses and
parasitic elements. Moreover, the integrated TTL and LTT filters exhibit flexibility and
stability across different operating conditions.

Furthermore, incorporating planar transformers with PCB trace windings offers a
potential pathway for further reducing filter size and improving performance. These
designs are particularly advantageous for their compactness, reduced leakage inductance,
and excellent thermal characteristics. However, challenges such as parasitic capacitances,
thermal dissipation, and manufacturing complexity need to be addressed for high-power
applications. Future work can explore optimized designs based on the insights provided
in recent studies, such as [98], which demonstrate significant improvements in reducing
parasitic capacitance and enhancing efficiency in high-frequency converters.

5. Conclusions

This paper presents magnetic integrated multi-trap filters, designated as TTL and
LTT, developed for grid-connected inverters to reduce the size and weight of inductors
while effectively suppressing the primary switching harmonics in the current. Built upon
traditional LCL filters, the proposed design incorporates small trap capacitors in parallel
with both the inverter-side and grid-side inductors to form one trap. A second trap was
achieved by incorporating the coupling inductor, generated through magnetic coupling
between the grid-side and inverter-side inductors, into the filter capacitor branch. By
following a step-by-step design approach, these two LC traps can be tuned to target specific
harmonic frequencies. The proposed filters deliver harmonic suppression comparable to
discrete multi-trap configurations, like the SPRLCL filter, while saving the two cores of
trap inductances. Moreover, these filters have a magnetic core structure resembling that of
integrated LCL filters but with an enhanced harmonic suppression performance. For this
design, the resonance frequency was fixed above the Nyquist frequency. A comprehensive,
step-by-step design method is provided to facilitate parameter selection. Additionally,
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these filters are robust enough to accommodate variations in grid impedance. Following
MATLAB/Simulink simulations and HIL experimental models, the verification results
confirm that the integrated TTL and LTT filters offer several advantages:

1. The proposed filters contain significantly fewer discrete passive components than
discrete filter designs, achieving a size reduction of 35.4%.

2.  They provide efficient harmonic suppression, achieving a grid-side current THD
below 0.90%.

3. The approach enables the creation of adaptable filters with effective inductor integration.

4. The design demonstrates strong reliability and stability under dynamic and
transient conditions.

However, passive-filtered converters must maintain stable grid connectivity and
support fault ride-through during grid faults to prevent system instability. Addressing this
issue and developing a solution will be essential areas for future research.
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