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ABSTRACT AC power filters play an important role in limiting the high-frequency current harmonics
injected by grid-tied voltage source converters (VSCs). Amongst the various types of filters, LCL filters
with integrated LC traps have become popular due to their ability to achieve a size reduction of the grid
side inductor while demonstrating a similar current harmonic mitigation performance as a traditional LCL
filter. In this article, a passively damped filter network with a partially rated LC trap (also referred to as
the L-PT-L filter) is proposed and delineated. The proposed L-PT-L filter provides a —60 dB/dec roll-off
characteristics at frequencies greater than switching frequency. Additionally, it is also demonstrated that this
proposed L-PT-L filter has smaller voltage ratings for two of its shunt-connected capacitor components due
to the specific placement of the damping resistor. A systematic analysis of the proposed L-PT-L filter is
elucidated to design and select the component parameters. Steady-state and transient experimental results
captured from a grid-tied 2-Level, 3¢ VSC prototype are provided to validate the grid current harmonic
filtering capability, reduced voltage ratings of the two shunt capacitors and passive damping performance of
the proposed L-PT-L filter. The proposed approach can achieve 19% and 36% filter shunt branch volume
reduction for low voltage (208 V, 60 Hz) and medium voltage (4.16 kV, 60 Hz) grid-tied inverter systems,
respectively, compared to state-of-the-art LCL filters with integrated LC traps.

INDEX TERMS Differential mode (DM) filter, LCL filter, L-C-T L filter, LC trap filter, LLCL filter, LT -C-L

filter, L-T-L filter, passive damping, power filter, voltage source inverter, voltage source rectifier.

I. INTRODUCTION
The last few years have seen a phenomenal rise in the usage
of grid-tied voltage source converters (VSC) in a wide variety
of applications [1]. The pulse width modulation (PWM) of
such converters causes unwanted current harmonics at switch-
ing frequency, its harmonics, and side bands. These current
harmonic components are mitigated by typically interfacing
a differential mode (DM) or an AC power filter between the
power converter and the utility grid to meet the recommended
IEEE 519-2014 standard [2] on power quality, as illustrated in
Fig. 1. Therefore, the selection of the power filter can have a
significant impact on the size, cost, and losses of the grid-tied
power conversion system.

Traditionally, an AC filter was implemented using an induc-
tor (L) due to the simplicity achieved during the operation and

control of the grid-tied VSC. This changed with the adoption
of LCL filters, which have considerable benefits in terms of
size and performance as compared to a simple L filter [3],
[4]. To further reduce the size and cost of the grid side in-
ductor used in LCL filters, integration of various types of LC
trap networks within LCL filters have generated significant
research interest in the last several of years [5], [6], [7], [8],
[9], [10], [11], [12], [13]. The L and C in a trap filter can be
connected in series or parallel based on the required circuit
configuration. One of the most popular solutions is to replace
the C of the LCL filter with a series LC trap filter. Ideally, this
LC branch can be tuned to provide a zero impedance path to
the dominant (switching) frequency current component. Such
a filter is generally referred to as the LLCL filter, and a detailed
design was presented in [5]. Alternatively, it is possible to
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FIGURE 1. A 3¢ voltage source converter (VSC) based power conversion
system interfaced to the utility grid using a passive filter network.

achieve a similar performance as that of the LLCL filter with
the usage of an LCCL filter [8], [9]. The LCCL is typically
realized by using a parallel LC trap filter instead of the grid
side inductor in a LCL filter. In this case, the parallel LC
trap filter provides a very high impedance to the switching
frequency current component of the grid current. Although
both the LLCL and LCCL filters can suppress the switching
frequency component in the grid current, it is worth noting
that the higher frequency current components (switching fre-
quency multiples and its side-bands) are attenuated by only
—20 dB/dec roll-off rate when utilizing any one of these two
filters. An undamped LCL filter, on the other hand, provides
a —60 dB/dec attenuation to grid current harmonics across
the frequency spectrum. This assumes significance when cur-
rent harmonic multiples of switching frequency have to be
attenuated to either meet IEEE 519-2014 / IEEE 1547-2018
harmonic distortion recommendations or electromagnetic in-
terference (EMI) compliance limits dictated by FCC Part 15
or CISPR 11/32 [14].

An alternative approach is to add multiple LC trap branches
by replacing the C in the LCL filter (referred to as the L-T-L
filter, where T refers to LC traps) to further attenuate the
multiples of the switching frequency harmonics in the grid
side current while still only providing a —20 dB/dec high-
frequency roll-off rate attenuation characteristics [15]. One of
the limitations of such a scheme is that this filter may need
to be redesigned to limit the fundamental frequency reactive
current in the shunt branch due to several trap capacitors.
Additionally, all the shunt trap capacitors need to be rated
for the full per-phase fundamental grid voltage, which can
impact the voltage rating of these components. It is possible
to achieve a —60 dB/dec high-frequency roll-off performance
with the LCCL by adding an additional inductor on the grid
side (also called as the L-C-T L filter). A detailed analysis for
the L-C-TL filter is provided in [8], [9]. Another interesting
configuration is the LT-C-L filter where the parallel LC trap
filter is inserted in series with the inverter side inductor (of the
LCL filter) [6], [7]. Such a configuration can also provide a
—60 dB/dec high-frequency attenuation to the unwanted grid
current harmonic components. Although both the L-C-T' L and
LT-C-L filters offer very good current harmonic attenuation
performance at high frequencies, the inductor used in the
LC trap filter has to be rated for the fundamental current
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component. This can potentially impact the overall size of
the AC filter, especially in high-power applications. Alterna-
tively, it is possible to add an additional capacitor in parallel
with LC trap of the LLCL filter to achieve a —60 dB/dec
high-frequency attenuation characteristics [10], [16]. Such a
LCL-LC filter is an attractive solution since the inductor size
of the LC trap filter can be reduced as it needs to be rated
to handle only the switching frequency current component.
Unfortunately, the shunt capacitors in such a filter need to be
rated to handle the full per-phase fundamental grid voltage
component. This can become an important factor if multiple
LC trap filters are incorporated within the shunt branch of such
a filter [16].

Apart from achieving high-frequency attenuation character-
istics for the LC trap-based AC filters, it is equally important
to suppress the resonances caused by their impedance net-
works. It is well known that these resonances can be damped
actively using feedback control techniques if they lie within
the system control bandwidth or else passively by adding
a physical resistive impedance [15], [17], [18], [19], [20].
Passive damping techniques increase the overall losses of the
AC filter but are generally straightforward in their implemen-
tation. They do not require additional sensors or advanced
feedback control-based solutions compared to active damp-
ing strategies. The passive damping schemes typically deal
with the various placement strategies of the damping resistors
within the AC filter. Integration of the damping resistors in
the AC filters has to be analyzed carefully since it is gen-
erally important to preserve the high-frequency attenuation
characteristics and limit the losses in the resistor while achiev-
ing the desired damping performance. Amongst the various
passive damping methods, an RC-based damping scheme is
fairly popular and is widely used with various types of AC
filter configurations [6], [15], [21]. This is because such an
RC damping network does not impact the high-frequency
roll-off characteristic of the AC filters and can minimize the
power loss in the damping resistor [6], [16]. This additional
RC damping branch is connected in parallel with the shunt
branch in all the different LC trap-based AC filters [15], [22].
With such an RC damping strategy, all the shunt capaci-
tors in the LC trap-based filters must be rated to handle the
fundamental frequency voltage component. In addition, the
RC damping branch may increase the fundamental frequency
reactive current component, necessitating a filter redesign.
Further, passive damping can protect the inductive and ca-
pacitive components of the AC filters from sudden AC grid
voltage transients when the grid-tied converter is switched
off [19].

This work proposes, analyzes and elucidates a passively
damped AC filter with a partially rated LC trap (named in this
article as the L-PT-L filter) for grid-tied VSCs as shown in
Fig. 2. The key advantages of the proposed L-PT -L filter are
listed below:

1) This filter can provide a —60 dB/dec high-frequency

roll-off attenuation characteristics to unwanted grid
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FIGURE 2. 3¢, 2-level grid-tied VSC with proposed L-PT-L filter network.
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FIGURE 3. A per-phase equivalent circuit representation of the proposed
L-PT-L filter network for a grid-tied VSC is depicted in this figure. PCC
refers to point of common coupling.

current harmonic components at frequencies greater
than the switching frequency.

2) Further, it is also demonstrated that the specific place-
ment of the damping resistor aids in the reduction of
the voltage ratings of two capacitors connected in the
shunt path. This can have a significant impact on the
size of the AC filter if several LC trap filters tuned at
multiples of the switching frequency are employed to
further mitigate the high-frequency harmonics in the
grid current.

3) Though multiple capacitors are used in the proposed
AC filter network, the fundamental frequency reactive
current through the shunt path of the filter can be lim-
ited by appropriately selecting the main shunt capacitor
component.

Il. PROPOSED L-PT-L FILTER

The single-phase equivalent representation of the proposed
L-PT-L filter for a grid-tied VSC is illustrated in Fig. 3.
The per-phase switching voltage of the VSC, V;(¢), con-
sists of both fundamental frequency (Vpy—rr) as well as
PWM frequency (Vpy—pnr) components. The converter side,
shunt, and grid side currents are represented by i¢(t), i.(1),
and i,(t) respectively. The admittance transfer function,
ig(s)/Vi(s), for the proposed filter structure is given in (1)
and describes the per-phase relationship between V;(s) and
ig(s).The shunt path, converter side inductor, and grid side
inductor impedances are denoted by Z(s), Z¢(s), and Z(s),
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FIGURE 4. Popular shunt based passive damping schemes for the LLCL
filter (a) a series R, inserted along the L,C, path (LLCL-1); (b) RyC;
connected in parallel to only C, (LLCL-2); and (c) R;C; connected in parallel
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voltage, respectively.
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It can be observed from Fig. 3 that this work uses a standard
LLCL based AC filter as a fundamental building block for real-
izing the proposed L-PT -L filter. Therefore, in this section, we
discuss a brief comparison of some of the popular passively
damped LLCL filters and their limitations as motivation to
utilize the proposed L-PT-L filtering scheme.

LLCL filters can be passively damped by adding a damping
resistor, Ry, in various ways to the shunt L,.C, branch [23],
[24]. Such damping methods are typically preferred since
the losses in R; can be minimized without impacting the
high-frequency impedance characteristics of converter side or
grid side inductors [6], [25]. Fig. 4 elucidates some of the
different methods popularly adopted in literature to dampen
the LLCL filter resonance. The most straightforward way
is to add a resistance in series with the L,C, branch as
depicted in Fig. 4(a) (LLCL-1) [23]. This scheme reduces
the effectiveness of the near-zero impedance offered by the
L,C, branch at the switching frequency, fs,, and is generally
not preferred. An alternative damping scheme is depicted in
Fig. 4(b) (LLCL-2) [24]. Such a damping method uses an
R4Cy branch in parallel with the shunt capacitance (C,) and
achieves a —20 dB/dec roll-off characteristics for frequency,
f > fsw. Fig. 4(c) (LLCL-3) illustrates the popular passive
damping method where the R;Cy branch is added in parallel
to the L,C, branch [24]. Such a configuration can provide
a steeper —40 dB/dec high-frequency roll-off characteristics,
which makes it favourable as compared to other passive damp-
ing schemes. Unfortunately, for such a configuration, both Cy
and C; have to be rated to handle the fundamental grid voltage
amplitude (assuming V,(t) ~ V,(¢) due to negligible funda-
mental frequency voltage drop across L,) which can easily, in
turn, affect the voltage ratings of these capacitor components.
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TABLE 1. Shunt Branch Impedance - AC Filter Configurations

Filter Type \ Shunt Branch Impedance, Z(s)
LLCL-1 sL, + + Rg
sC,
1 1
LLCL-2 L, + R —
s [SC,.H( d+sCf):|
1 1
LLCL-3 sL, R —_
(0t )17t )
L-PT-L [RH ! H<L+ 1>}+ !
4 sChp, s sC,. sCy

TABLE 2. Shunt Branch Component Values - AC Filter Configurations

Filter Type | L, (uH) | Cr (uF) | Cn (uF) | Cy (uF) | Ra ()

LLCL-1 11.5 4.7 - 1

LLCL-2 11.5 4.7 - 11 10
LLCL-3 11.5 4.7 - 11 10
L-PT-L 15 4.7 1 15 5.5
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FIGURE 5. Frequency response plot (ig(s)/V;(s)) comparing the proposed
L-PT-L filter with the conventionally damped LLCL filters.

The impedance of the shunt branch is denoted by Z;(s) and
stated in Table 1 for the conventionally damped LLCL filters
as well as the L-PT-L filter.

Table 2 details the individual component parameters used
for a comparative evaluation between the various AC filters.
A comparison of i,(s)/Vi(s) between the passively damped
LLCL filters and the proposed L-PT-L filter is depicted in
Fig. 5. The objective here is not to present any optimal
filter designs but to showcase the superior high-frequency
attenuation offered by the proposed L-PT -L filter from a qual-
itative perspective. The design considerations for the proposed
L-PT-L filter will be discussed in detail in Section III.

From Fig. 5, it can be observed that the low-frequency
characteristics of conventional damping LLCL methods ex-
hibit a similar phase response as the proposed L-PT-L filter.
The conventionally damped LLCL filters, as well as the pro-
posed L-PT-L filter scheme, provide a similar attenuation at
fsw which would indicate a comparable reduction in the f;,
component of iy(¢). The major difference can be observed in
the high-frequency region where the L-PT-L filter not only
has a higher attenuation across frequencies but also has a
—60 dB/dec roll-off characteristics. A steeper high-frequency
roll-off rate is always beneficial for the AC filter since it helps

VOLUME 5, 2024

improve the attenuation offered to the differential mode (DM)
EMI generated by the VSC [26], [27].

11l. DESIGN CONSIDERATIONS FOR THE L-PT-L FILTER
In this section, the design considerations for the proposed
L-PT-L filter have been elucidated in detail.

A. SELECTION OF INVERTER SIDE INDUCTOR, Ly

In a grid-tied VSC, the inverter side inductor (Ly) is typi-
cally selected to limit the worst-case current ripple (for e.g.,
40—60% of the fundamental frequency current component)
as delineated in [5]. The peak-peak current ripple and Ly
relationship, as well as its selection process, is discussed
extensively in [17], [28]. An additional constraint on L se-
lection is that f;,, current component should be restricted to
a reasonable value since this can impact the current rating
of L,. The design considerations of L are similar to that of
traditional LLCL filters, and an interested reader is referred
to [5], [10], [28] for additional details. The Ly was selected
as 400 uH to keep the ripple current within 50% for this
example.

B. DESIGN AND SELECTION OF SHUNT BRANCH
ELEMENTS

The proposed L-PT-L filter utilizes five components in the
shunt branch, namely three capacitors (Cy, C;, Cy), an induc-
tor (L), and a damping resistor (R;). The shunt branch for
the L-PT-L filter has a series L,C, path tuned at fj,, as in the
case of a conventional LLCL filter. In addition, C,, is added
to provide a path for the high-frequency current ripple com-
ponents (f > f5,y) and improve the high-frequency roll-off
characteristics of the filter to —60 dB/dec. A damping resistor,
Ry, is added in parallel to the L,C, and C, to passively damp
out any filter resonances. This parallel combination of L,C;,
Ry, and C,, is finally connected in series with Cy.

1) EFFECT OF C; ON L-PT-L FILTER

In the proposed L-PT-L filter, C; should be selected such that

Cy >> C, and Cy >> C,. Further, the shunt capacitor, Cy,

has to be selected to limit the fundamental frequency current

component through the shunt branch of the L-PT-L filter. The

total current, i.(s) that flows through C can be defined using
Ve(s)

3).
R L 1 1
[d @*ﬁﬂ*@

This can be simplified to reflect the current flowing through
Cy at grid frequency, f,. V.(t) can be approximated as V,(t)
at f assuming negligible fundamental drop across L,. Since
the impedance of R, is selected to be much lower than that
of C, and C, at f, only the series combination of R; and
Cy determines the f, component of current through the shunt

ic(s) =

1 3

sCy,
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FIGURE 6. High-frequency roll-off characteristics of ig(s)/V;(s) with and
without C, in the proposed L-PT-L filter network.

branch as shown in (4).

ic(jwg) “

‘ Ve(jwg) ‘
Wg R, +

JwgCy

The impedance of R, is chosen to be very small compared to
that of Cy at fg. Hence, Cy can be selected based on the power
factor requirement of the system (for e.g 5% of reactive power
at the rated load condition, Pj,,;) and is described in (5).

Cr = 5%% (5)
’ Vg(t)z(zﬂfg)

For a power rating of 1.6 kW in this design, the Cy was
selected as 15 uF.

2) EFFECT OF C, ON L-PT-L FILTER

The capacitor, C,, is used in the L-PT-L filter to achieve
a —60 dB/dec roll-off characteristics in the high-frequency
region, which can be advantageous to further suppress the
current ripple at multiples of f;, (including side-bands).
A larger value of C, would help improve the attenuation
across frequencies in the high-frequency region. The only
limiting factor is that C,, should be much smaller than Cy.
The variation of C, on the high-frequency roll-off char-
acteristics of ig(s)/V;(s) is illustrated in Fig. 6. It can be
observed that although a —60 dB/dec attenuation can be
achieved for all values of C,,, the roll-off characteristics itself
start from different frequencies based on the specific val-
ues of C,. A C, value of 3.3 uF was used in the proposed
filter.

3) EFFECT OF L,C, BRANCH ON L-PT-L FILTER

The selection of L, and C, is determined such that the res-
onant frequency, f,, coincides with the operating switching
frequency, fy, of the power conversion system [5]. For the
L-PT-L filter network, it is important that C, << C; while
selecting the value of C, since this will lead to Cy having
minimum impact on f; of the L,.C, branch.
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FIGURE 7. Effect of variation in R; when (a) R; — 0; (b) Ry — 0. C; >> C;
and C; >> C, for the proposed L-PT-L filter.

The resonant frequency, f., of the shunt branch can be
approximated as

%

Ir (6)

C.Cs
"G+ Cy

2w X

Several combinations of L, and C, can lead to near zero
impedance at the f;,,. Ideally, selecting a larger C, increases
the width of the series resonance notch at f;,, leading to
better performance in case of any drift in the component val-
ues (especially L,) due to ageing, temperature variation, etc.
Additionally, keeping the value of L, small can aid in reducing
the voltage rating of the inductor. For this design, L, is chosen
as 15 uH and C, as 4.7 uF.

4) EFFECT OF DAMPING RESISTANCE, Ry ON L-PT-L FILTER
R; plays an important role in the proposed L-PT-L filter
since it not only aids in damping out the resonances but also
reduces the voltage ratings of C, and L,C, due to its specific
placement. To elucidate the effect of using R; on the shunt
branch of the L-PT-L filter, two extreme conditions of R; (0
and co) are evaluated as a first step. It can be easily delineated
that when R; — 0, the shunt path can be modified as Cy and
given in (7).

1

Zy (S) =
R;—0 SCf

)

It is interesting to note that when R; — 0, the L-PT-L filter

decomposes into a LCL filter (as shown in Fig. 7(a)) with an
un-damped resonant frequency, w, = %

Alternatively when R; — 00, Z;(s) is a function of only L,,
C, and C,, (the effect of Cy can be ignored if it is sufficiently
greater than C, and C,,) as depicted in Fig. 7(b) and described

in (8).

(14 sL,C,)

Z(s) =
sCy + sC,(1 + sL,C})

Ry—00

®)

When no R; is connected, the L-PT-L filter reduces to a
LCL-LC filter [10]. There are two resonances associated with
such a filter, and the resonant frequencies can be computed

VOLUME 5, 2024
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FIGURE 9. Selection of damping resistor, R; for the proposed L-PT-L filter
using the transfer function V.(t)/V;(t) (based on a quality factor (QF)
approach).

from (9) and (10).
ai +ay — (a3 + ag +as)' 1\ 2
Wyl = a5
9
ar+ay + (a3 + as + as) 2\ /2 ®
Wy = s

ay = LyLy(Cr +Cy), ap = L,C(Ly + Lyg)
a3 = LIL3(Cr + G )%, as = LICH(Ly + Lg)®

as = 2LsLoL,C(Ly + L) (C, — Cy)
ag = 2LyLyL,C,Cy

(10)

Fig. 8 illustrates both the extreme damping conditions R; —
0 and R; — oo by plotting V.(s)/Vi(s). A quality factor (QF)
based approach as suggested in [19], [29] can be extended for
the L-PT-L filter and used to determine a reasonable value of
Ry.

The evaluation of QF is not straightforward in multi-
resonant systems such as the proposed L-PT-L filter. To
determine the QF of the filter, the transfer function relating
the shunt-branch voltage to the inverter switching voltage,
V.(t)/Vi(t) has to be determined as elucidated in (11).

Ve(s) 1
Zs(s) + Zg(s)
Zy(s)

A frequency response plot for (11) is illustrated in Fig. 9
to showcase the impact of the damping resistance, R;. Two

_ (11)
Vi($) ly,(5)=0 1+ Zs(s)
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TABLE 3. Quality Factor With and Without R4

Ry | fri=75kHz | fro~30kHz
R4 — oo QF =~ 90 QF ~ 2
Ry =5.5Q QF =~ 3.5 QF ~ 0.3

resonances can be observed in the absence of R;. The QF can
now be evaluated at both the resonant frequencies, f,1 and f;2
as shown in (12).

_ [Ve($)/Vi($)lw=w,,,w,,
Wz [Ve($)/Vi(s)lw—o
It can be observed that the proposed placement of R; can
simultaneously damp out both these resonances. The R; value
for this design was selected as 5.5 €2 to obtain a low QF

for this filter. The R; and the corresponding QF values are
tabulated in Table 3.

OF

(12)

5) SHUNT BRANCH - VA RATINGS

The proposed L-PT-L filter can reduce the voltage ratings of

the L.C, branch and C,, with the aid of the damping resistor,

R4 which is connected in a parallel configuration. The voltage

across R; can be written as a function of V,.(s) as described in
1

(13).
L+ :
sC, " s,

1 1 1
R L+ — —
d sCy ( r+sCr)+sCf

The dominant voltage spectral component present in V,.(t)
is the fundamental frequency (f;) voltage component [19] if
the AC filter is designed appropriately to suppress the high-
frequency harmonics in the grid current. The value of R, is
selected in such a manner that its impedance is much smaller
as compared to the L,C, branch and C,, impedance at f,. This
fundamental voltage component in V,(¢) gets split across Ry
and Cy based on the impedances offered by them at f,. Since
the impedance of Cy >> Ry (based on carefully selecting
both Cr and Ry) at f,, the voltage across Ry is only a fraction
as compared to that across C as delineated in (14).

Ry

VR4 () = Ve(s)

13)

. Ry
Ve(jwe)———7—

Ry +

Ve, (Jwg) (14)

We

JweCy

As Ry is in parallel with C, as well as the L,C, branch, f
component of voltages across all these capacitor and resistor
components (voltage drop across L, can be neglected at fy)
would be similar.

This can be observed with the help of a frequency domain
plot as illustrated in Fig. 10. The selected impedance of Cy
at f, is significantly (around 30 dB) greater than that of Ry
leading to R; (as well as C, and C,,) needing to be rated for
only a fraction of the per phase fundamental voltage (V,(?)).
The impedance difference between Ry and Cy at f, is denoted
as Zyy in Fig. 10.
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FIGURE 10. Impedance plot detailing the effect of R, on the voltage
ratings of C, and C; for the proposed L-PT-L filter.

Hence, the proposed passive damping scheme helps reduce
the VA rating across C, and C,, since their voltage rating gets
clamped based on the fundamental voltage split between R,
and Cy.

C. SELECTION OF GRID SIDE INDUCTOR, L,

The grid side inductor (L,) can be selected based on the re-
quired attenuation at multiples of f;, (and their side bands)
since a near zero impedance is offered by the L,C, trap-based
shunt branch at f,, [5], [10]. Further, it is important to limit
the fundamental frequency (f,) voltage drop across Ly + L,
to a reasonable value (for example, 5% —10% of the per
phase voltage, V,(¢)) to restrict the amplitude of the DC link
voltage. To determine the value of Lg, (15) and (16) can be
utilized. The shunt branch can be approximated with C, since
its impedance will be much smaller as compared to R; and
L,C; branch when [ > fs,.

ig(jw) _ 1/(Lf ~|—Lg) (15)
Vom (jw) F=f, ) [ (ju))ZCanLg]
sw 1 -~ = J o
(Gw)| 1+ L+ Ly
YanT0) _ o,
L = |20 (16)
81> fow jw + (w)3LsC,

For this design, L, was selected as 100 nH to obtain an
attenuation of around —50 dB at around 40 kHz. The im-
pact of grid inductance was not accounted during the design
process as this corresponded to the worst case attenuation
characteristics of the L-PT -L filter. To evaluate the impact of
grid impedance variation, a sensitivity analysis was performed
using different values of grid side inductors, and the results are
plotted in Fig. 11. It can be observed that an increase in grid
side inductance helps improve the attenuation characteristics
of the proposed filter.

A flowchart is provided in Fig. 12 to summarize the elec-
trical parameter selection for the proposed L-PT-L filter
network.
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FIGURE 12. A flowchart depicting the design procedure for selecting the
electrical components of the proposed L-PT-L filter network.

IV. COMPARATIVE EVALUATION OF FILTERING
STRATEGIES

To understand the benefits of the proposed L-PT -L filter, two
different scenarios are considered:

1) Case I: Filter design for a low voltage (208 V, 60 Hz)

grid-tied converter.

2) Case 2: Filter design for a medium voltage (4160 V,

60 Hz) grid-tied converter.

The size benefits of the proposed filtering approach will
become apparent at higher voltages. The proposed L-PT-L
filter is compared with other popular LLCL type AC filters
in Fig. 4. Filter designs are carried out for the above two
scenarios, and the design details are presented in Table 4 .
To provide an equitable comparison between various filters
(both low and medium voltage), an identical Q factor (for the
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TABLE 4. Shunt Branch Component Values - AC Filter Configurations

Case 1: For Low Voltage Grid Interconnection

Filter Type | L, (uH) | Cy (uF) | Cn (uF) | Cy (uF) | Raq ()

LLCL-2 11.5 4.7 - 11 10
LLCL-3 11.5 4.7 - 11 10
L-PT-L 15 4.7 0.1 11 5.5

Ly = 400 pH and L, = 100 pH for all the above designs.

Case 2: For Medium Voltage Grid Interconnection
Filer Type | Ly (uH) | Cp (uF) | Cp (uF) | Cy (uF) | Ra ()

LLCL-2 11.5 4.7 - 11 1
LLCL-3 11.5 4.7 - 11 1
L-PT-L 15 4.7 0.1 11 1

Ly = 1000 pH and L, = 10 pH for all the above designs.

TABLE 5. Performance Comparison of AC Filters

Case 1: For Low Voltage Grid Interconnection

DC Link

Converter Side a/b/c Leg Capaci
Japacitor

Inductors (L;) Power Terminals

Shunt Branch
CpLnCoC, and Ry

Grid Side
Inductors (L,)

a/b/c Grid
Power Terminals

FIGURE 13. Realized hardware prototype of the grid-tied 3¢, 2-level VSC
with the proposed L-PT-L filter network.

TABLE 6. Size Comparison of AC Filters

Case 1: For Low Voltage Grid Interconnection

Filter I, Ver Ven Ve Pra Itup Filter Component VA Vol % Vol
Type (RMS) (RMS) (RMS) (RMS) (W) (%) Type rating (cmS) Reduction
LLCL-2 | 1.3A | 120V - 120 V 27T W 1.2% L, (MSS7341-123MLD) 34
LLCL-3 | 1.0A | 120V - 120 V 2.8 W 1.0% LLCL-2| C, (MKS4F044706B00KB00) 125 42 -
L-PT-L | 1.0A | 31V | 34V | 120V | 21 W | 1.2% Cj (C4AF1BW5110F3FK) 62
Case 2: For Medium Voltage Grid Interconnection L, (MSS7341-123MLD) 25
LLOL2 | 154 | 24KV | | 2akv | mow | tew  LECES| O GKSOWTOSBOKBD) | i35 |42
LLCL-3 | 7.8 A | 24kV - 2.4 kV 137 W 0.7% f
L-PT-L 6.8 A 15V 12V 2.4 kV 146 W 1.1% L, (MSS6132-153MLC) 2.9
C, (16MU475MC14532) 3.1 34 19%
L-PT-L| Cj; (C4AFIBW5110F3FK) 140 °
C), (25MU104722012) 0.3
. . i (S ) Case 2: For Medium Voltage Grid Interconnection
admittance transfer function,-> ) has been selected for all £
. i(s Filter Component VA Vol % Vol
the filters to obtain the filter component values. Type rating | (cm®) | Reduction
L, (XAL1010-103ME) 205
A. PERFORMANCE COMPARISON OF AC FILTERS LLCL-2| C, (4xC44PXGR5200RCSK) | 12616 8100 -
. . C e g . . Cj (4xC44PXGR54T0RASK) | 25420
Circuit simulations of the grid-tied inverter system with vari-
flteri hes (based he desi i Table 4 L, (XAL1010-103ME) 9
ous filtering approaches (based on the designs in Table 4) are LLCL-3| C, (4xC44PXGR5200RCSK) 18990 8100 -
carried out for low voltage and medium voltage scenarios. The Cy (4xC44PXGR5470RASK) | 27900
results are summarized in Table 5. The per-phase loss in the L, (XAL1010-153MED) 105
. . . C,. (16MU475MC14532) 98
damplqg resistor (Pgy) for the proposed filter is comparable L-PT-L| C} (4xCA4PXGRS4TORASK) | 34412 | 5620 36%
to that in other state-of-the-art LLCL type AC filter structures. Gy (25MU104722012) 2.5

It can be seen that the proposed L-PT-L filter offers excellent
performance in terms of grid current total harmonic distortion
(ITup) while ensuring that the voltage ratings of the shunt
branch capacitors, C,, and C,, are less than 5% of the grid
voltage.

B. SIZE COMPARISON OF AC FILTERS

To understand the size benefits of fractionally rated com-
ponents in the proposed L-PT-L filter, the filter designs in
Table 4 are compared for low voltage and medium voltage sce-
narios. The VA ratings of the filter components are identified
based on circuit simulations, and commercially off-the-shelf
components are chosen for realizing the filter designs. For the
MYV filter designs, the higher voltage rated (=~ 2.4 kV RMS)
capacitors are realized by a series connection of four 1 kV
rated capacitors. The details and the specific part numbers are
presented in Table 6. It can be seen that the proposed L-PT-L
filter only uses a single higher voltage-rated capacitor (Cy)

VOLUME 5, 2024

as opposed to two higher voltage-rated capacitors (Cy, Cy) in
LLCL-2 and LLCL-3 filters. Hence, the proposed L-PT-L fil-
ter offers a 19% reduction in the filter shunt branch volume for
the low voltage scenario, and it offers a 36% reduction in the
filter shunt branch volume for the medium voltage scenario as
compared to other popular state-of-the-art LLCL filters.

C. COST COMPARISON OF AC FILTERS

A few simplifying assumptions are adopted to compare the
cost of the various filtering solutions. The cost difference is
attributed mostly to C, (impact of C, used for the L-PT-L
filter is very minimal). Two fractionally rated capacitors are
used in the proposed approach as opposed to the full-rated
capacitor in LLCL-2 and LLCL-3 options. The cost model
based on [30] and [31] is adopted in this work, where the cost
(in US dollars) of the film capacitor is linearly proportional to
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FIGURE 14. 3¢, 2-level grid-tied VSC with conventional feedback control system for the proposed L-PT-L filter network.

the rated capacitance, C, in wF and the voltage, V¢,, in V.
Yrim = ar + bp Vo, + cp.Cy (17)

where ap = 17.64, by = 0.0391, ¢ = 0.2014. It must be
noted that the cost comparison presented assumes that a single
capacitor is sufficient to meet both the required capacitance
and the RMS current rating of the capacitor. As the root
mean square error of the model itself is around 11.7 USD,
the comparison is only presented for the medium voltage grid
interconnection scenario. For LLCL-2 and LLCL-3 filters, the
cost of capacitor C, for all three phases is computed to be
525 USD (the actual capacitors selected have a pricing of
around 550 USD). For the proposed L-PT-L filter, the model
estimates the cost as 60 USD. The error in the model tends to
be higher for low voltage rated capacitors, and the overall cost
of C, and C,, for the L-PT-L filter is only 12 USD.

V. RESULTS AND DISCUSSION
The proposed L-PT-L filter was designed and developed in
the laboratory and integrated with a 2-level, 3¢ VSC as de-
picted in Fig. 13. Fig. 14 illustrates the measurement details
and the conventional feedback control methodology adopted
for the 2-level, 3¢ VSC. The grid-tied VSC was operated in
the rectifier mode with a resistive load of 100 2 connected
to the DC link. The per-phase voltage of the utility grid was
120 V (RMS), and the DC link of the VSC was maintained
at 400 V. The switching frequency of the VSC was selected
as 22 kHz. The power converter’s output was 1.6 kW and the
converter efficiency was greater than 96%. The parameters of
the implemented L-PT-L filter are given in Table 7.

The feedback control system included a DC link voltage
regulator and grid current compensators. Grid current control
was implemented using PI regulators in the dq frame. The unit
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time [10 ms/div] during the steady state operation of the grid-tied VSC
with the proposed L-PT-L filter. The experimentally measured FFT of the
grid current has been illustrated as well.

TABLE 7. Implemented L-PT-L Filter Parameters

Ls ‘ L, ‘ L, ‘ c, ‘ Cn ‘ Cy ‘Rd
(eH) | (pH) | (uH) | (uF) | (uF) | (uF) | (@)

400 | 100 | 15 | 4.7 | 33 | 15 | 55

vectors for the frame transformations (abc <> dg) were de-
rived by implementing a synchronous-reference-frame-based
phase-locked loop (SRF-PLL). The feedback control system
was implemented on a digital platform (TMS320F28335).
The sampling frequency for the digital control implementa-
tion was selected to be the same as the switching frequency
(22 kHz) of the grid-tied VSC.

Several experiments were conducted using the grid-tied
VSC to evaluate the performance of the proposed L-PT-L
filter. Performance metrics such as (a) the THD in the grid cur-
rents, (b) the voltage ratings across Ry, Cy,, and L,C, branches,
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current scale is [20 A/div] in (a), (b), and (c) while it is [10 A/div] in (d).

and (c) the effectiveness of the proposed damping scheme
during step grid voltage disturbances were evaluated using
experiments conducted on the laboratory prototype.

A. HARMONIC DISTORTION - GRID CURRENTS
The effectiveness of the proposed L-PT-L filter to achieve
the desired filtering was validated experimentally by observ-
ing the frequency spectrum of the grid-side current under
steady-state conditions. The experimentally measured fre-
quency spectrum of the grid-current is presented in Fig. 15 (in
dBA versus frequency). The permissible harmonic limits on
the current injected into the grid by a power converter as per
IEEE 519-2014 are superimposed on top of the grid-current
frequency spectrum in Fig. 15. These harmonic limits are
specified for a worst-case weak-grid condition (/y./I;, < 20).
It can be observed that the individual harmonic components
in the grid currents are well within the harmonic limits as
stipulated by IEEE 519-2014. Further, the THD of the grid-
current was measured to be around 1%. The effectiveness of
the LC trap is evident from the improved attenuation offered
to the switching frequency (22 kHz) spectral component. As
delineated from Fig. 15, the proposed filter can meet the re-
quired harmonic distortion limits.
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B. PASSIVE DAMPING - GRID SIDE VOLTAGE
DISTURBANCES

The effectiveness of the proposed passive damping scheme is
validated by creating step disturbances in the grid voltages.
The disturbances were created under normal operating con-
ditions of the VSC and when the VSC was switched OFF.
In case the VSC is switched OFF while the AC filter is still
connected to the grid, any grid side voltage disturbances can
trigger unwanted filter resonances unless the resonance is sup-
pressed by means of passive damping [19].

In Figs. 16(a) and (b), a 25% symmetrical voltage sag is
created while in Figs. 16(c) and (d), a symmetrical voltage
swell of 25% is created. It can be observed that such grid-
side voltage disturbances do not trigger any unwanted LC
resonances, which in turn demonstrates the effectiveness of
the proposed passive damping scheme for the L-PT-L filter.
The overall loss in damping resistors under normal operating
conditions of the VSC was measured to be =~ 9 W.

It is to be noted that the L-PT-L filter resonances (refer
Fig. 8) lie above the bandwidth of the grid current control loop
(= 1 kHz) in our design and hence, the resonances cannot be
mitigated by means of the control system using active damp-
ing. Further, active damping schemes impose an additional
constraint that the power conversion system must always be
operational.
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TABLE 8. Individual Harmonic Voltages Across Ry, C,, and L,C, branch
Experimental Results - f;,, = 22 Khz

fg=60Hz | fo, =22KHz | 2fu, = 4 kHz | 3fs = 66 kHz

32V | o1V | 0.709V | oassv

C. FRACTIONAL VOLTAGE RATING - SHUNT COMPONENTS
One of the advantages of the proposed L-PT-L filter was the
reduced voltage ratings of the components in the shunt branch
(Rg, C, and L,C;). To validate this claim, the voltage across
the damping resistor (in one of the phases) is measured and
shown in Fig. 17. The peak-to-peak voltage across C,, Ry,
and L,C, is measured to be around 10 V. This is achieved by
appropriately selecting R4, as explained in Section III. The
individual fundamental and harmonic voltages across R; have
been provided in Table 8. Hence, it has been demonstrated
that some of the shunt components of the proposed L-PT-L
filter can have a fractional voltage rating leading to a reduced
overall VA rating.

VI. CONCLUSION

In this work, an AC filter for a grid-tied voltage source con-
verter (VSC) was proposed and analyzed to suppress the
unwanted current harmonics in the grid currents. It was delin-
eated that the proposed passively damped L-PT-L filter can
achieve a —60 dB/dec high-frequency roll-off characteristics.
It was also demonstrated that two of the shunt-connected
capacitors could be rated for a fraction of the fundamental
voltage due to the specific placement of the damping resistor
in the proposed filter configuration. This results in two of the
shunt-connected capacitors to have smaller voltage ratings. A
detailed analysis of the working, design, and effectiveness of
the L-PT -L filter was elucidated in this article. To compare the
performance of state-of-the-art LLCL filters with the proposed
L-PT-L filter in an equitable manner, a Q-factor based design
methodology was used to select the parameter values for all
the filters. It is delineated that the proposed approach can
offer 19% and 36% filter shunt branch volume reduction for
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low voltage (208 V, 60 Hz) and medium voltage (4.16 kV,
60 Hz) grid-tie inverter systems, respectively, compared to
state-of-the-art LLCL filters. A hardware prototype of a 208 V,
60 Hz 3¢, grid-tied VSC along with the proposed L-PT-L
filter was developed in the laboratory, and its performance was
experimentally validated.
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