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Optimal Design of High-Order Passive-Damped
Filters for Grid-Connected Applications

Remus Narcis Beres, Student Member, IEEE, Xiongfei Wang, Member, IEEE, Frede Blaabjerg, Fellow, IEEE,
Marco Liserre, Fellow, IEEE, and Claus Leth Bak, Senior Member, IEEE

Abstract—Harmonic stability problems caused by the resonance
of high-order filters in power electronic systems are ever increas-
ing. The use of passive damping does provide a robust solution to
address these issues, but at the price of reduced efficiency due to the
presence of additional passive components. Hence, a new method is
proposed in this paper to optimally design the passive damping cir-
cuit for the LCL filters and LCL with multituned LC traps. In short,
the optimization problem reduces to the proper choice of the mul-
tisplit capacitors or inductors in the high-order filter. Compared
to existing design procedures, the proposed method simplifies the
iterative design of the overall filter while ensuring the minimum
resonance peak with a lower damping capacitor and a lower rated
resistor. It is shown that there is only one optimal value of the
damping resistor or quality factor to achieve a minimum filter res-
onance. The passive filters are designed, built, and validated both
analytically and experimentally for verification.

Index Terms—Harmonic passive filters, LCL filter, resonance
damping, trap filter, voltage-source converters.

1. INTRODUCTION

HE introduction of high-order filters to limit out the
T switching harmonics from grid-connected voltage-source
converters (VSC) is associated with improved attenuation per-
formance and consequently decrease in size, volume, and cost
of the filter [1]. An example of such high-order filter is the LCL
filter, which became well accepted and widely used as an in-
terface between renewable energy sources and the utility grid
[1]-[7]. The use of harmonic LC traps instead of the LCL filter
capacitor gains interests from industry, due to the possibility
to reduce or even eliminate the grid-side filter inductor [8]. In
[9], the trap filter was proposed for single-phase grid-connected
converters under the name of LLCL filter, but with a small in-
ductance on the grid side of the filter. It was further shown in
[10] that the size and volume of the filter can theoretically be
reduced by adopting up to three multituned fraps.

However, the resonances that arise among the reactive ele-
ments of the high-order filters may require a damping circuit
in order to avoid instabilities in the current controller of the
grid converters. It has recently been shown that no damping
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is required for the grid current control, if the LCL filter reso-
nance frequency is higher than the critical resonance frequency,
which is one-sixth of the control frequency [11]. If the converter
current is controlled, then, opposite result is obtained [ 12]. How-
ever, the stability condition of the power converter is also largely
dependent on the grid impedance [13]. Under the unknown grid
impedance condition (equivalent to a grid dominated by power
electronics systems), damping may be necessary to attenuate
the filter resonance and mitigate the oscillatory behavior of the
converter-based system connected to the utility grid [14]. To re-
duce the filter resonances, both active and passive damping can
be used [15]. Adopting different active damping methods, an in-
creased number of sensors may be required and the robustness
of the filter may not be ensured, especially due to the sensitivity
toward filter parameters/grid impedance variations [15]. On the
other hand, if a passive resistor is placed in series with the filter
capacitor, the damping becomes more robust and the stability of
the filter is always improved, but at the price of increased losses
and decreased high-frequency attenuation [4].

In general, passive damping losses can be reduced by us-
ing additional reactive components in the filter circuit. Several
topologies for damping the LCL filter resonance have recently
been reviewed in [16], [17]. However, there is a lack of ap-
plicable guidelines on how to optimally design those damping
circuits. For the LLCL filter, some damping methods were inves-
tigated in [18] together with a new method to optimally design
the damping elements. However, the procedure formulated in
[18] cannot directly be used to derive the optimal parameters of
the filter, and many iterations are required to meet the design
requirements for the filter. Similarly, an optimization procedure
was proposed in [19] for the LCL filter, but the adopted damp-
ing resistor is fixed in value even the damping circuit ratings
changes. This may translate to an inefficient use of the damp-
ing circuit. Additionally, the reader may have no insight about
how to design the damping circuit. A detailed optimal damping
design procedure of an LC filter used for dc—dc converters was
proposed by Middlebrook in [20] and extended by Erickson in
[21]. It was clearly shown how to design the damping circuit
for a LC filter, i.e., the exact value of the damping resistor, the
actual resonance of the filter when a passive damping circuit is
used or the filter quality factor. For the passive damping of the
LCL or trap filters, none of the practical considerations given in
[20], [21] are yet available for the filter designer, and a trial-error
tuning procedure is typically adopted. Therefore, in this paper
the Middlebrook design method is extended to high-order filters
employed in ac grid-connected applications. Compared to the
existing design procedures, the proposed method simplifies the

0885-8993 © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Simplified diagram of a three-phase grid-interfaced VSC with high-
order filter.

iterative design procedure of the overall filter, while ensuring a
minimum resonance peak, a smaller damping capacitor, and a
lower rated damping resistor. For verification, three power fil-
ters prototypes are designed and validated both analytically and
experimentally.

The paper is organized as follows. An overview of the passive
filters characteristics is presented first, from which the main
design constraints of the filters are systematically identified.
The proposed optimal damping design procedure is discussed
afterward. An overall filter design for the proposed filters is
formulated before the demonstration on a laboratory prototype.
The main findings conclude the paper.

II. GRID-INTERFACED VSC WITH HIGH-ORDER FILTERS
A. State Space Model

A generic high-order filter schematics is shown in Fig. 1 on
a per phase basis. Based on the notations given in Fig. 1, the
state-space model of such a circuit can be built considering the
converter side voltage V; and the grid voltage V5 as the input
variables [7]. The output variables can then be the converter
current /; and the grid current I depending on which of them
is to be controlled. The state space equations can be written as

s

where Y7, denotes the filter input admittance, Y7, the filter re-
verse trans-admittance, Y5, the filter forward trans-admittance,
and Y59 the filter output admittance.

For example, if the grid current is the control variable, then
the current control open loop can be written as

Yo (s) = Gpr (s) Gpelay (5) Ya1 (s) 2

where the forward transadmittance of the filter (Y57) is the cur-
rent controller plant, Gpp is a proportional-resonant (PR) cur-
rent regulator responsible to generate the reference voltage for
the pulse width modulator (PWM), and Gp.lay denotes the de-
lay due to digital computation. Equation (2) implies a pure
sinusoidal grid voltage. If background voltages exist in the grid,
then the grid voltage and the filter output admittance (Y35) must
be considered accordingly in (2) as disturbance. The analysis
hereafter is done considering only the grid current feedback, in
addition to an ideal grid voltage. It is expected that background
voltage if exists, do not influence the analysis since the reso-
nance of the filter adopted later in this paper is significantly
higher than typical low-order harmonics found in the grid. If

Y
Ys,

Yio
Va ey

Ys0
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(®)

Fig. 2. Simplified one-line schematic of high-order filters: (a) LCL filter.
(b) Trap filter. (c) LCL filter with series damping resistor. (d) Trap filter with
series damping resistor. (e) LCL filter with shunt RCdamper. (f) Multituned
traps filter with shunt RC damper.

the converter current is used for the feedback control then Yo
should be replaced with Y71 in (2). The forward transadmittance
transfer function of a high-order filter can be generalized as

_ b _ Zsy
Vily,oo  ZifZa+ 2123y + ZoZsy

3)

where 7 denotes the converter side impedance of the filter,
Zy = Zoy + Za, is the impedance on the grid side of the filter
which consist of the filter grid side impedance Z>r, and the
impedance of the grid Z»,; Z3; denotes the impedance of the
filter in the parallel branch. Y5, can be used to evaluate the har-
monic attenuation performance of the filter, i.e., indicates how
the harmonic voltages specific to a given modulation strategy
propagates into the grid current.

B. Derivation of Passive Filters Transfer Functions

The one-line schematics of several high-order filters are il-
lustrated in Fig. 2, with the equivalent series resistances (ESR)
of the filter components neglected for simplicity. In practice,
the ESR of typical inductive components will slightly increase
the damping effect in the system, with the effect being more
dominant at higher frequencies because of the skin effect. Addi-
tionally, L, accounts all the equivalent inductances of the actual
grid and the filter. In Fig. 2(e) and (f), the sum of the multisplit
capacitors is chosen equal with the capacitance of the LCL filter,
i.e., the capacitance in the filter is fixed to a given value. More
explanations will be covered in the forthcoming section.

For the LCL filter, the filter forward transadmittance may be
written as

Ig (S) 1
Y S) = = Y > 4
21zer) (8) Vi) vy o 0 ;5 1 €]
1
Yorer) (8) = Yxr—f—l. )

The corresponding low-frequency asymptote Yj, high-
frequency asymptote Y, and the characteristic resonant pole
frequency wy of the filter are expressed in Table 1. The in-
verted poles arrangement in (5) reveals the LCL filter attenuation
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TABLE I
MAIN COEFFICIENTS AND FEATURES OF THE FILTER TRANSFER FUNCTIONS

Filter topologies Yy Yo Ry(Q=Ri/Ry) wo Wi
LCL [s (L1 + L))" ($3L1LyC) 7" VIJC (vic) B -
LCL+ R [s (L + L))" Ry/ (s*LiLy) VI/T (\/ﬁ)fI -
LCL + RC [s(Ly + Ly)] ™" (n+1)/(s*L1LsC) VI/C (x/ﬁ - -
Trap s (L + L) Lo/ ls(LiLa+ Lk + LoL))  VETLN/C  (VEFLNC) (Vo)
Trap + R [s(Ly + L) Ly/[s(LiLo+ L1 Ly + LoLy)] /(L + L) /C (\/(L+L,)(*)7I (VI o)™
Trap + RC [s (L1 + La)]™ Ry/(sLyLy) JITTLY)C <\/(L+L,)C)7l (vIio)™!

above the characteristic frequency wy. From (5), two design con-
straints of the filters need to be considered. The first constraint
refers to the placement of the characteristic frequency, which
should be far away from the dominant harmonics of the grid
background voltage. The second constraint denotes the high-
frequency asymptote, which should ensure proper attenuation
of the switching harmonics generated from the VSC, according
to applicable harmonic standards.

For the trap filter, an additional inductor L; is connected
in series with the filter capacitor, as shown in Fig. 2(b). The
additional inductor with the filter capacitor provides a notch
characteristic around the switching frequency of the VSC. In
this case, the forward transadmittance transfer function of the
filter contains an additional conjugate zero pair w;

}/21(Trap) =Y (6)

The inverted pole transfer function is omitted for simplic-
ity. However, the corresponding high-frequency asymptotes are
indicated in Table I. For the frap filter, an additional design
constraint result in the choice of the notch frequency and corre-
sponding notch parameters.

The consequent resonance of the filters can reduce the range
of the current regulator gain and oscillatory behavior can occur.
Since the resonance frequency of the filter shifts with changes
in the grid impedance or drifts in the filter parameters, the reso-
nance problem may become a difficult task to handle. A simple
solution to ensure the stability of the VSC is to dampen the filter
resonance by placing a resistor in series with the filter capac-
itor, as shown in Fig. 2(c) and (d). Considering the additional
damping element, (4) and (6) can be written as

Yorrcr+r) (8) = YO# 7

242541

Wi

L+ Lst1

wo

(®)

Yle(Trapth) =Y

The series damping resistor in (7) and (8) adds a single zero
given mainly by the quality factor Q of the filters. Another con-
straint in the filter design is represented by the quality factor,
which should be designed in such way to limit the filter reso-
nance influence in the controller system and to attain a good

dynamic response of the VSC current control. For stability pur-
poses, both the phase and gain of the open loop current control
should be taken into account. There is also a physical limit in
dampening the filter resonance, given by the power loss in the
damping resistor which is dependent mainly on the value of
the percentage capacitor. With larger percentage capacitor, the
fundamental and harmonic current in the damping resistor will
result also larger. Additional cooling may be required in such
cases which in turn will increase the size and cost of the system
and reduce the efficiency [22].

A shunt damping resistance I?; in series with a blocking
capacitor C; can be employed to reduce the damping losses
and to increase the high-frequency attenuation of the filter. Such
benefits can be obtained due to the fact that damping is more
selective if an RC damper is adopted as it acts only around
the resonance frequency of the filter (more information in the
next section). Therefore, this damping solution can be more
effective than the conventional series resistor case [20], [23].
The shunt RC damper used with the LCL and multituned traps
filters is illustrated in Fig. 2(e) and (f). In the case of the trap
filter, several multituned traps can theoretically be employed to
further reduce the size of the filter. However, in practice, the
number of traps is limited up to three because of the very large
impedance of the filter at multiples of the switching frequency
[10]. The additional design problem for this type of damping will
then be the proper choice of the ratio between the filter and the
damping capacitor, i.e., how the filter total capacitance should
be split between the different parallel branches in the filter. If
only one trap is to be employed, then the transfer functions of
the LCL and trap filters with the shunt RC damper becomes

n@Q s +1
n+1
Yorer+re) = Yo a0 e TERTREE ©)
(n,+1)2wg +ﬁ+ Tl+1E+

Compared with (7) and (8), additional poles and zeros are
included in (9) and (10) as shown at the bottom of the next page
which make more difficult the selection of the filter parameters.

C. High-Order Passive Filters Comparison

The main characteristics of the passive filters illustrated in
Fig. 2 can be identified from Table I, where L = L; Ly /(L; +
Ls). In (10), an inductance factor a = L;/L is introduced to
simplify the transfer function. The attenuation of the filters at
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low and high frequencies can be found from the superscript of
the Laplace operator of the low- and high-frequency asymptotes,
Yy and Y, respectively. Therefore, below the characteristic fre-
quency, the filters exhibit the same inductive behavior, given by
the sum of the converter and grid side inductances. In case of
the LCL filter, the high-frequency harmonics are attenuated with
a slope of 60 dB/decade. Adding the series damping resistor,
the attenuation is reduced by 20 dB/decade. With the shunt RC
damper, the high-frequency attenuation slope is not reduced, but
is shifted by a factor of (n + 1)~!.In case of the trap filter, above
the tuned frequency the high-frequency harmonics are attenu-
ated with a slope of only 20 dB/decade. However, the drawback
of reduced attenuation at high frequencies is compensated by
the fact that the attenuation of the most dominant harmonics
(around the switching frequency) is theoretically infinite. By
potentially downsizing the filter components accordingly, the
size and volume of the overall filter can be reduced even more
compared with the LCL filter [9], [10]. The series damping
resistor only reduce the attenuation around the characteristic
frequency and tuned frequency; therefore, the low- and high-
frequency behavior of the filter is identical with the undamped
trap filter. The shunt RC damper in a trap filter provides the
advantage of increasing the high-frequency attenuation slope to
40 dB/decade. However, an additional resonance peak at a fre-
quency higher than the tuned frequency is an additional design
constraint which should be carefully taken into consideration
[24]. In order to demonstrate the preliminary analysis of the fil-
ters, the magnitude plots of each of the calculated filter forward
transadmittances are illustrated in Fig. 3, assuming same ratings
for the passive components.

III. OPTIMIZED PASSIVE DAMPING DESIGN

A. Passive Damping Design Considerations

The design of the LCL filter is covered in detail in [1], [5] and
[6] while of the trap filter is discussed in [8] and [9]. Hence,
the optimization of the passive damping circuit and its influence
on the LCL and trap filter parameters is considered hereafter.
When passive damping is adopted, several compromises must
be faced by the filter designer.

1) Peak in the Filter Admittance and the Actual Value of the
Filter Resonance Frequency: Since the peak of the filter ad-
mittance around the resonance frequency limit the range of the
current regulator gain, it is important to limit the filter admit-
tance peak in order to avoid possible oscillatory behavior in the
control system. The problem is that with any kind of damping
in the system, the actual resonance of the filter is different from
the characteristic frequency defined in the previous section. Ad-
ditionally, the frequency shift will largely depend on the actual
ratings of the filter components and the grid impedance condi-
tion. Typical factors in low-voltage applications that affect the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 3, MARCH 2016
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Fig. 3. Generalized admittance magnitude of the passive filters based on
(5)—(10), given same L1, Ly, C; w; = 2wpand in case of passive damping,
Q =0.05andn = 1.

control stability and require the limitation of the peak in the
filter admittance may include:

1) up to 70% decrease in the filter inductance due to per-
meability dependence of the magnetic material with the
magnetic field strength;

2) up to +30% tolerances in the passive components;

3) wide range variation of the equivalent grid inductance:
0.3-2.5 mH.

Therefore, the choice of the damping circuit ratings should
ensure the stability of the current controller for the intended
operating range conditions.

2) Optimal Choice of the Damping Circuit Ratings Without
Impairing Other Features of The Filter: Typically, the use of
passive damping improve the stability in the control system but
at the price of increased inefficiency of the overall system due
to increased power loss, increased size of the filter, etc.

In the following, the optimized passive damping design
method extended from [20] is demonstrated for the RC damper
shunt illustrated in Fig. 2(e) and (f), but can equally be derived
for other passive damping topologies, like presented in [16]
and [21], i.e., filter topologies that uses multisplit capacitors or
inductors in addition to the damping resistor.

B. Shunt RC Damper for LCL Filters

The main advantage of the RC damper shunt is the selective
attenuation of the filter resonance. In Fig. 4 is illustrated the
characteristic of the parallel branch impedance of the LCL filter
with RC damper shunt. It can be seen that at lower frequencies
and higher frequencies, the impedance of the damper is capac-
itive. Therefore, it provides two main benefits over the series
damping resistor solution. On one hand, the slope of the high-
frequency attenuation of the filter is maintained at 60 dB/decade.
The other advantage is the power loss reduction in the resistor
since the current is split between the two capacitors. The corner

anQs®

as’ nQ@s

+1

(a+1)(n+1)2wg

+ (a+1)(n+1)w? + (n+1)wg

Y—21(Trap+RC) =Y anst

(10)

nQs3 nQs

2 7]
(a+1)" (n+1)"wg

+ (n

(a+n+1)s?
T T

+1)%wd a+1)(n+1)w? n+1)wo +1
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shunt RC damper.

frequencies that define the resistive region of the damper can be
derived as [23]

n-+1
W= oz (11)
(n+1)°
_ . 12
“r = TLR,C (12)

In Fig. 5, the filter forward transadmittance of the overall
filter is shown with varying the damping resistor. Therefore, a
typical characteristic of a filter which uses multisplit capacitors
or inductors in addition to the damping resistor is the different
peaks that are exhibited by the filter depending on the value of
the damping resistor. For instance, increasing the resistor value
from zero to infinite will not only increase the frequency of the
filter resonance and decrease the high-frequency attenuation,
but also the filter may exhibits one of the two characteristic
frequencies described in the following. When the resistor is
close to zero, the resonance amplitude and frequency is about

2087

the same as the characteristic frequency of the filter. However,
when the resistor increases and its values becomes very large the
resonance amplitude approach again infinity but at a different
frequency given mainly by the filter capacitor Cy = C/(n+1).
1) Optimum Frequency: The filter characteristic exhibits a
minimum in the forward transadmittance at a specific frequency,
when the quality factor is optimally selected. In the following,
the specific frequency is called optimum since at this frequency
the minimum peak in the filter admittance occurs. From Fig. 5,
it can be seen that the minimum peak exists at a frequency given
by the intersection of the filter admittance characteristics when
the resistor is zero and infinite, respectively, both defined as

1
Yoilp,—o = Yo (13)
fla=0 o+l
1
Youlp,coe = Yo—7—— . (14)
(n+1)w? +

Making equal the two transfer functions given in (13) and
(14), the optimum frequency can be computed as

2

s s
S = |—+1
w(% S=JWopt (n + 1) w(Q) $=jwopt
2(n+1
— Wopt = Wy 724_2). (15)

From (15), it can be seen that with properly designed RC
damper the actual resonance frequency of the filter w,,; can be
easily determined mainly as function of the ratio between the
damping and filter capacitor, defined as

2) Peak in the Filter Admittance: The magnitude of the peak
in the filter admittance can be obtained by replacing the Laplace
operator in (13) with the optimal frequency from (15)

Vo B 1 (n+2)°
2! T w L+ L)\ 2+ 1)n?

W=Wopt

a7

In case the peak in the filter admittance is not minimum, then
the damping is called suboptimal and (17) is not valid.

3) Optimal Quality Factor: With the optimal frequency
known, the question in hand is how to derive the quality factor to
achieve the minimum peak in the filter forward transadmittance.
The derivative of the filter admittance magnitude from (9) with
respect to the optimum frequency of the filter will result in the
optimal quality factor as indicated by

d 2
|:d(£€2) [Ya1] :|{ =t =0 (18)
g opt _ (20 1)
T=00 nt2
BGn+4)(n+2)(n+1)
= fi 1.3].
Qopt \/ 2712(771 T 4) orn (0, 3]
(19)
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20 ; r T I
= 0, (eq. 19)
= = (), (eq. 20) |
S :
g
2
& =
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actual m= aproﬁumred i
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n
Fig. 6.  Optimal quality factor of the LCL filter with RC damper shunt.

However, proceeding with the derivation of the filter admit-
tance, the following result occurs. For n higher than 1.3 no peak
occurs in the filter admittance; hence, the derivations are not
valid after n = 1.3. The derivations developed by Middlebrook
for the LC filter holds for any value of n due to the fact that
the transfer functions of the LC filters always exhibits a peak,
whatever the ratings of the filter. In the case of higher order
filters such as the LCL filter, adopting optimum damping for
n > 1.3 will eliminate the peaks from the filter admittance. As
result, the transfer function will continuously decrease over the
entire frequency range of interest. Thankfully, for n > 1.3 the
quality factor can be approximated as

Qopt ~ 2.5 for n € [1.3,00). (20)

The motivation is in the fact that with increasing n, the damp-
ing and therefore the quality factor is less influenced by the
value of the damping resistor. Additionally, large values of n are
not typical used in practice, since higher losses will occur in the
resistor due to a more significant current in the damping capaci-
tor then the filter capacitor. The variation of the optimal quality
factor as function of the filter capacitors ratio is illustrated in
Fig. 6.

C. Shunt RC Damper for Trap Filters

The same procedure can be applied for the trap filter. The
main difference in this case lie in the fact that the optimal fre-
quency and optimal quality factor has a 2-D dependence on the
capacitors ratio of the filter and on the ratio between the trap in-
ductance L; and the equivalent inductance of the filter L, defined
as

L
L

By making equal the filter admittance when the resistor is
zero and infinite, respectively, the optimal frequency results as
indicated in (25), shown at the bottom of the next page.

However, when the resistor is zero, the filter admittance ex-
hibits two peaks at two frequencies given by

a

2y

A+ B—,/(A—B)2+ 14D
Wo(1) = m (22)
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Fig. 7.  Per phase schematics of the trap filter with RC damper when @ = 0.
2w T T i T
= (1, (Trap + RC) >a=l
;‘é‘ ]_8{90 |- -y (L(L + RC} I ea=0.75. ]
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Fig. 8. Map of the optimal frequency for the rrap filter with RC damper shunt

and comparison with the LCL filter.

A+ B+ /(A-B)?2 4448
Wo(2) = o (23)
where
L1+ Lo
A :wg(LCL)n = (n+ 1) m
(n+ 1) @9

Therefore, in (25), the intersection around the first peak in
the filter admittance is considered for the optimal frequency
derivation. The equivalent circuit of the filter with the resistor
bypassed is illustrated in Fig. 7.

A map of the optimal frequency of the trap filter as function
of the capacitors ratio, the inductance ratio, and the optimal fre-
quency of the LCL filter defined in (15) is illustrated in Fig. 8.
It should be noted that the characteristic frequency (wy ) corre-
spond to the values given in Table I and not to the frequencies
defined in (22)—(23). The derivation of the optimal quality fac-
tor leads to a rather lengthy equation and is omitted here for
simplicity. However, a map of the optimal quality factor is illus-
trated in Fig. 9 which can be easily used for any ratings of the
passive filter,

It can be seen that the quality factor is lower than the LCL
filter quality factor and the decrease depends mainly on the trap
inductance value. If L; << L, then both the optimal frequency
and the quality factor can be approximated with the LCL filter



BERES et al.: OPTIMAL DESIGN OF HIGH-ORDER PASSIVE-DAMPED FILTERS FOR GRID-CONNECTED APPLICATIONS

5 T T
e Qopr (T"ﬂp T RC)
. Qrw.r [LCL +: RC)
@ 4
e
2
g
&
gl [
i
=
o
2 .
a=0.75
L 1 g_] &
0.4 0.6 0.8 1 1.2
n
Fig. 9. Map of the quality factor for the trap filter with RC damper shunt and
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Fig. 10.  Examples of trap filter admittances for two different designs: n = 1

anda = 0.1andn = 2 and a = 0.5.

optimal frequency and the quality factor defined in (15) and
(19)—(20), respectively.

An example on how to use the optimal frequency and optimal
quality factor maps is explained in the following. Let us assume
a damping circuit with the ratios of the filter capacitors and
inductors given as n = 1 and @ = 0.1. From Fig. 9, the quality
factor is around 2.8 while the frequency from Fig. 8 is around 1.2
wy. Another example can be n = 2 and a = 0.5. In this case, the
quality factor is out of the map range defined in Fig. 9. However,
since with larger n, the optimal quality factor can be considered
constant from Fig. 9, the quality factor can be extrapolated to
around 2 while the frequency from Fig. 8 results around 1.4
wq. Then, the damping resistor value can be computed from the
quality factor, i.e., Ry = Ry (). The two examples of the resulted
filter admittances are illustrated in Fig. 10.

Since the inductors ratio a is different for the two considered
examples, the trap frequencies also results different. When the
quality factor is zero, it can be noticed the two peaks in the
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filter defined by (22)—(23). However, with the use of the shunt
RC damper, their amplitude becomes low and there is no risk
of amplification of other harmonics that are present in the con-
verter voltage. Additionally, in Fig. 10, the undamped trap filter
admittance from Fig. 2(b) is illustrated. In order to simplify the
derivations, the optimal frequency of the trap filter with shunt
RC damper is referred to the characteristic frequency (wy) of
the undamped frap filter in (22).

D. Limitations

By considering the suboptimal damping case of the LCL filter
with shunt RC damper from Fig. 5 when @ = 0.3Q,¢ and
Q = 3Qopt, one could assume that the resonance frequency
and magnitude of the filter admittance is optimum. Then, the
damping circuit ratings (n, C, I?4) can be refined to obtain the
minimum peak as follows. The magnitude of the filter at the
optimum frequency can be written from (17) as a function of
the new characteristic frequency of the filter wy_ ey

1 (n+2)°
W0 _new (Ll + LQ) 2 (n + 1) n2 '

[Yo1 | =

W=Wopt

(26)

The value of the new characteristic frequency of the filter
can be derived from (15), in which the optimum frequency is
the resonance frequency of the suboptimal damping case ) =
0.3Qopt and/or QQ = 3Qopt

n+2

St 1) &7

W0 _new = Wopt

By substitution of (27) into (26), the new ratio between the
capacitors (7, ) results as

2
o-)opt‘ (Ll + L?) -1 .

Nnew =

28
Varl (28)

W=Wopt

By writing the characteristic frequency from (27) as func-
tion of the filter components, the value of the refined capacitor
value can be taken from the characteristic frequency of the filter
Wo_new as

2 (nncw + ]-) (Ll + LZ)
(nnew + 2) L1 LQOJQ

opt

Cn ew —

(29)

From Fig. 5, one can substitute the magnitude of the filter
admittance and its corresponding frequency for the two sub-
optimal cases in (28) to find the new ratio between the two
capacitors. Then, with (29), the refined value of the total filter
capacitance can be found. The value of the damping resistor can
be found from the quality factor of the filter given in (19). In
Fig. 11, the refined filter transfer functions with the optimum
parameters are plotted against the two suboptimal cases when
Q = 0.3Qopt and Q = 3Q,p¢. A summary of the main features

—2a—n—2+/4dala—n+2) + (n+2)2

Wopt —wo\/(nJrl) (a+1)

2an 25)
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Fig. 11.  Optimal versus suboptimal design of the damping circuit for the LCL
with RC damping shunt.

TABLE II
DAMPING CIRCUIT RATINGS IN THE CASE OF OPTIMAL
AND SUBOPTIMAL DAMPING

Type of damping C(PU) Damping Wyk(ra) (PU) Switching n
Losses (PU) harmonics (PU)

Suboptimal 1 0.52 0.85 0.79 1

damping 1:

Q = 0'3Q0pt

Optimal damping 1 1.2 0.69 0.57 0.61 0.51

Suboptimal 1 2.58 1.44 1.03 1

damping 2:

Q = 3Qupr

Optimal damping 2 0.6 0.27 0.38 1.16 0.35

for the two optimal and suboptimal damping scenarios is given
in Table II, with the ratings of the damping circuits given in
Per Unit (PU) and referred to the optimal case from Fig. 5. The
main objective is to illustrate different feature trends in adopt-
ing several optimal damping solutions. If minimum peak in the
filter admittance is selected in the design, then a lower damp-
ing capacitor C; and a lower rated damping resistor is obtained
compared to the suboptimal case, fact which is also verified in
dc—dc applications [21]. If a suboptimal damping is chosen, i.e.,
Q@ = 3Qopt, then the damping losses will increase 2.5 times and
the watt-peak of the resistor W), (rq) increases with 50%.

On the other hand, a corresponding optimum solution will
lead to a reduction of the damping losses to about four times
and of the resistor ratings to about three times. A disadvan-
tage of the optimal solution will be in the amplification of the
switching harmonics, if an LCL filter is adopted. For the trap
topology, since infinite attenuation is theoretically possible, the
influence on the high-frequency harmonics will be less signifi-
cant. If the quality factor is chosen lower than the optimal, e.g.,
@ = 0.3Q,p: the differences between the optimal and subopti-
mal solutions are more balanced. From the design point of view,
adopting the proposed design method will lead to less iterations
to find the damping parameters, since all the information can be
taken from the capacitors ratio and/or trap inductance ratio. In
addition, the actual resonance frequency of the filter is known,
which provides more insight compared to the characteristic fre-
quency of the filter. Furthermore, the design is generalized for
any ratings of the filter or grid impedance (the equivalent in-
ductance of the grid impedance is considered in the filter grid
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Fig. 12. Characteristic impedance of series tuned traps: (a) provided same
inductance/resistance and ;1 = 50, Q2 = 25; (b) definition of the bandwidth
parameter.

side inductor). Similar derivations can be obtained for input
admittance of the filter.

IV. IMPROVED DESIGN METHOD OF THE MULTITUNED
Traps FILTER

A. Conventional Design of the Individual Traps Based
on the Trap Quality Factor

One criteria to design the individual traps in a multituned
trap filter is the quality factor of the individual traps [25], which
should be in the range of 10 < Q;(,,) < 50[9], [25], where Q; ()
denotes the quality factor of the x-tuned trap defined as

(30)

where L,(,) is the tuned inductor, C;(,) the tuned capacitor,
and 1% (,) the equivalent resistor of the tuned trap, mainly given
by the ESR of the inductor and wiring resistance in the tuned
trap. Therefore, assuming a fixed inductance, the quality fac-
tor varies only with the tuned capacitance. The characteristic
impedance of a tuned trap is illustrated in Fig. 12(a) for two
different capacitances together with the definition of the band-
width parameter B,, which describes how broad is the filter-
ing action [see Fig. 12(b)]. Therefore, with the bandwidth and
quality factor information it becomes apparently easy to design
the tuned traps. However, both the bandwidth and quality fac-
tor imply complete knowledge of the trap resistance which is
more difficult to be accurately calculated. Furthermore, values
of the quality factor as recommended in [9] and [25] typically
applies for series tuned traps used to compensate individual
low-order harmonics that are presented in the grid. For a grid-
connected VSC, the tuned trap is responsible to reduce the entire
spectrum of dominant sideband harmonics around the switch-
ing frequency or multiples. An example of trap admittance
characteristic used in grid-connected applications and which
is tuned around the switching frequency of the VSC is shown in
Fig. 13 with varying the trap resistance.

From Fig. 13, it can be identified that the choice of trap
resistance value (and therefore the quality factor) does not sig-
nificantly influences the attenuation of dominant harmonics.
Therefore, a design procedure with the quality factor/bandwidth
in mind could turn tedious, especially if more than one trap is



BERES et al.: OPTIMAL DESIGN OF HIGH-ORDER PASSIVE-DAMPED FILTERS FOR GRID-CONNECTED APPLICATIONS

2091

Filter admittance (dB)

090,

o G 1=10 *
o C/2 1=10
* C/2, n=4

o Harmonic
Limit

Lo

YT G

200, 2.1,

[

@,

2,

3,

. .
)
m
2
o X
2 10°
£ AIR=20
g : * X/R=10
g 10" " * XIR=5
B XIR=1
T * X/R=0.2
107 b o« Harmonic
. Limit
: (]_éw, (r-J, 1 .iru,
Frequency (rad/s)
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Fig. 14.  Per phase schematics of a multituned trap filter.

used. The harmonic limit in Fig. 13 is the admittance of the filter
required to meet IEEE 1547 harmonic specifications [26], i.e.,
admittance given by the harmonic current limit given in [26]
divided to the harmonic spectrum of the converter voltage com-
puted for the sidebands harmonics as my &= 2,my £4,m; £ 8,
etc.

B. Improved Design Method Based on Individual Functions of
the Multisplit Capacitors

It was shown in Fig. 12 how with increasing capacitance of a
tuned trap, the bandwidth of the filter increases, i.e., a broader
attenuation is obtained from the filter. This fact is used to design
the multituned traps, by adequately splitting the filter capacitors
such that the switching harmonics are effectively reduced. In
Fig. 14, amultituned frap filter is illustrated. The design problem
of the multisplit capacitors for an n-trap filter is given by

> Ciay =Ci (31a)

r=1
Ctl = tICt(mel)‘z:l..nfl (3lb)

y 2
> () Glc)
" r=1..n—1

Cn = Hzcili (31d)
Ct(erl) = ﬁ%lr:lnfl (3le)

In (31a), the sum of the individual trap capacitances equals to
the total capacitance of the traps C}; the split factor ¢, is intro-
duced in (31b) and defines how many times the capacitance in

Frequency (rad/s)

Fig. 15. Examples of a two trap filter admittances for different trap capaci-
tances (C) and split factors (¢1).

the trap tuned around the switching frequency is larger than the
capacitance of (x + 1)—trap tuned around the multiple of the
switching frequency; the previous precondition leads to the con-
servative limit of the split factor given in (31c) which ensures
that the bandwidth of the (x + 1)—trap does not exceed the
bandwidth of the first trap; the value of the individual x—trap
capacitance as function of the total capacitance of the traps is
given in (31d) and (31e). For a two frap filter with the individ-
ual traps tuned around the switching and twice the switching
frequency, the design problem defined in (31) reduces mainly to

Ci + Cp = Ci (32a)

Cn =11C2 (32b)

> (3—2)2 ~ 4 (320)
Ci = 1fT = =G (32d)
Ciz = 5o = O (32¢)

Therefore, for a two trap filter, the critical design parameter
reduces to finding the split factor ¢; that ensures effective re-
duction of the switching harmonics. The split factor choice is
critical due to the fact that it specifies how the two individual
traps suppress the switching harmonics. In [10] and [25], rela-
tively close values of the trap capacitors have been suggested
for the multituned trap filter (1 < ¢; < 2). Another solution is
to adopt the conservative limit, i.e., t; = 4 as also was used for
the LTCL filter in [25], which ensures same bandwidth for the
two traps. However, both solutions will not result in the most
desirable solution since the second trap will have a broader at-
tenuation compared with the first trap. This is equivalent to a
larger capacitance than actually needed, which finally results
also in larger inductor since with higher capacitance, the cur-
rent increases in the second trap. In this design method, it is
suggested a split factor that ensures similar attenuation of the
switching harmonics in the tuned traps, i.e., the tuned traps must
have about the same broader attenuation around the most dom-
inant harmonics. In Fig. 15 is shown an example of a two trap
filter admittance for the conservative limit of the split factor
and the proposed split factor with varying the total capacitance.
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It can be seen that once the split factor is properly designed,
changing the total trap capacitance influences in the same way
the attenuation of individual traps, so adjustments of the split
factor are not necessary with changing the filter capacitance.

For a given total capacitance of the filter, the split factor can
be computed from the harmonic limit requirement while the
total capacitance can be adjusted afterward based on the re-
quired attenuation of the filter, susceptibility of the filter toward
the tolerances in the passive components, variation of the grid
impedance, etc.

C. Resonance Damping for Multituned Traps Filter

To damp the resonances in a multituned trap filter, the RC
damper shunt is adopted. Then, the equivalent circuit of the
filter is the same as presented in Fig. 2(f). Since the filter transfer
function of a multituned trap filter is of very high order (sixth
order for a two trap filter), the characteristic frequency of the
filter is simplified to

1
(Cy + Chr) (Lﬁlfgz + Ltl)

(33)

wy =~

The previous approximation ignores the influence of the traps
tuned around the multiples of the switching frequency since their
influence affects mainly the high frequency of the filter (well
above the resonance frequency of the filter). Then, the optimum
frequency map from Fig. 8 can be used to find the optimum
frequency of the filter. Similarly, the quality factor map given in
Fig. 9 can be used to find the quality factor of the filter, provided
that

Ly + Ly

—_— -
1
Ly Ly Z T
z=1 te)

a =

(34)

The damping resistor value results from the quality factor as

-1
1 { LiL, |
|+ . (35
C\ L1+ Ly <LZ_:1 Lt(m)) 4

Rd = Qopt

V. DESIGN EXAMPLE OF THE PASSIVE DAMPED LCL, Trap,
AND Multituned Trap FILTER

An overall design procedure of a high-order filter in the pres-
ence of a passive damping circuit is covered in the follow-
ing. First, a two-level 10-kW VSC, with 10-kHz switching fre-
quency, 700-V dc-link voltage, 400-V line-to-line grid voltage
and conventional space vector modulation (SVM) is adopted. In
this design, the filter design is done independently of the con-
verter. Therefore, the ratings of the converter are used as input
parameters for the filter design. For this power level, it is ex-
pected a total power loss in the range of around 1% in the passive
filter, according to [27]. The attenuation of the high-frequency
switching components is done according to the harmonic limits
defined in IEEE Std. 1547-2008 [26] (up to 0.3% permissible
current for harmonics order higher than 35, for a short-circuit
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ratio of 20). For attenuation of the resonance frequency compo-
nents, a low-quality factor of the filter (Q = 2 — 5) is needed
to limit the peaks in the filter admittances and to ensure a good
control performance. Typically, the peaks should be limited to
around -5 and —10 dB [28].

A. Design of the Main Filter

In the following, the percentage of the base values are used
for the filter components calculation as presented in [1].

1) Converter Side Inductance: The design of the converter
side inductance is limited to the current ripple requirement in the
inductor which depend mainly on the switch current and size of
the filter which reduces with increasing the ripple. For the SVM,
the maximum current ripple occurs when the voltage reference
vector is aligned with the switching vector; therefore, when
the reference angle is zero. Taking into account, the available
dc-link voltage, the switching frequency, and the modulation
index (M = 0.9) the current ripple can be written based on the
volt-second balance across the inductor as

VDC 2 M2 . s VDC
s g (o= e () >
. (3 2 )"\3) T 2L, £,
which assume low-voltage drop across the grid side inductance
(voltage across the capacitor in phase with the grid voltage).
The inductance results in the range of 3% by adopting a 10%

current ripple. The peak current rating of the inductor which
should avoid the saturation of the magnetic core results as

A(: Bmax N
Ly

(36)

Ity k) = V2hated + AL = (37)
where the maximum operating flux density of the inductor is
lower than the saturation flux density of the core (B, ax < Bsat);
A, 1s the cross-sectional area of the core, N number of turns, and
I ateq the rated current of the VSC.

2) Filter capacitance value: The capacitor value for 5—
10-kHz switching frequency applications is typically limited to
5% in order not to decrease the power factor and demand high
fundamental current from the filter because of a too large capac-
itance [1]. Considering the standardized ratings of capacitors, a
4.7% capacitor is adopted. The same capacitance is adopted for
the trap and multituned trap filter. For the multituned trap filter,
a split factor #; of 10 is adopted based on the considerations
from the previous section. Since passive damping is adopted,
it is not required to compute the trap inductances at this stage
since the capacitance has to be split once more time because of
the damping capacitor.

3) Line Inductance Value: The line inductance is computed
considering the attenuation of the filter. For example, if the grid
current around the switching frequency is limited to 0.3%, then
Ly can be computed from (4) considering the voltage spectrum
V1 (h) corresponding to the SVM at the most dominant harmonic
order (my — 2) as

27 fih Ly B et 4 1

B 27Tf1h (LlC (27Tf1 h)2 — 1) 4(]'()3?([;;3)“0(1

Ly

\%

(38)

h=m ;-2



BERES et al.: OPTIMAL DESIGN OF HIGH-ORDER PASSIVE-DAMPED FILTERS FOR GRID-CONNECTED APPLICATIONS

where m s is the modulation frequency index and f; is fundamen-
tal frequency. Considering that for SVM, V; (my — 2) = 18.5%
under rated conditions, then from (38) a minimum value of the
grid side inductance which ensure the harmonic requirement is
0.7%. Since the presence of passive damping decrease the high-
frequency attenuation of the filter, a 1.4% is adopted in the first
step. Similarly, the line inductance for the trap and multituned
trap filter can be calculated. Otherwise, a good starting point is
to consider a half-line inductance for the trap filter and a quar-
ter for the multituned frap filter, from the LCL line inductance.
Finally, the total percentage inductance should not exceed the
total percentage capacitance in order to limit the volume of the
overall filter [29]

Lyy) + Lyw) < Cy. (39)

B. Design of the Damping Circuit

The damping design problem reduces to the proper choice
of the ratio of the damping capacitor to the filter capacitor as
defined in (16). For a given ratio of the capacitors n, the trap
filter capacitance can be found using

1
= C.
n+1

Cy (40)

Then, the individual trap capacitances of the multituned trap
filter can be found using the split factor function defined in (32d)
and (32e). The corresponding tuned inductances can be derived
from

1

Lypy) = ———.
H=) Ct(:z:)wt(az)

(4D

With the trap inductances, the ratio of the trap inductance
to the filter inductance «a can be found from (21) and (34). The
optimal quality factor and the optimal frequency of the filters can
be found from Figs. 8 and 9. Finally, the value of the damping
resistor can be found from the quality factor as

Ry = RoQopt- 42)

Since all the damping parameters depend at this point on the
capacitors ratio n, it is important to choose a ratio which ensure
an optimal choice of the damping circuit ratings, i.e., ratings
which are not impairing the features of the filter. For a damping
circuit, the critical features are related to the degradation of the
high-frequency attenuation of the filter, losses in the damping
circuit, and the peak of the filter admittance.

1) Degradation of the Filter High-Frequency Attenuation: In
Fig. 16, the attenuation of the most relevant dominant switching
harmonics is illustrated for the proposed filter topologies with
changing the ratio of the capacitors. To match the harmonic
attenuation of the LCL filter, in case of the frap filter the line
inductance is reduced to 0.6% while for the two traps the filter
inductance is reduced to 0.4% in addition to the converter side
inductance which is reduced to 1.5%. The limit factor in case
of the frap filter is the attenuation around the (x 4+ 1) multiple
of the switching frequency, where x is the highest order of the
tuned trap used in the filter.

2093

=
e |
T

Grid current (%)
=
n

1

03 F et T R R A R A Y R S e 3 ™
0‘] 1 1 1 1
0 1 2 3 4 5
n
(a)
0.6
A | ins e L S

w— fi=mt2
= =2m1

" 2 xswitching frequency

Grid current (%
o=
(F5)

= switching frequency

() i : !
0 1 2 3 4 3

n

(b)

- fr=pmp2

: = h=mt2
Lo : = h=2ms1

3 x switching frequency - )1=2mt1
d s R = =312 e

Grid current (%)
e }
(%]

b
T

2x .s-w;'h;chiugﬁ‘eque.r::'cy “
0 1 2 3 4 5
n

()

Fig. 16.  Grid current harmonics as function of the capacitor ratio: (a) LCL
with RC damper shunt, (b) Trap with RC damper shunt, (c) Two traps with RC
damper shunt.

2) Damping Losses: The damping losses in the damping cir-
cuit are calculated analytically following the principle given in
[19]. In Fig. 17, the damping losses are illustrated for the pro-
posed filters with varying the capacitors ratio. With increasing
the number of tuned traps, the passive damping losses decreases
as lower harmonic current flows in the resistor branch. It is ex-
pected the higher damping losses with increasing n, since the
damping capacitor is also proportionally increased.

3) Peak in the Filter Admittance: The optimum frequency can
be used to derive simple formulations for the filter admittance
magnitude at the resonant frequency, as given in (17).
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Fig. 18.  Open loop transfer function magnitude of the resonance peak as a

function of the capacitor ratio for the three topologies.

Below the Nyquist frequency, the peak in the filter admittance
can be analyzed considering the open loop current controller as
indicated in (2) in order to identify the influence of the passive
damping design in the controller stability. Therefore, in Fig. 18,
the open loop magnitude is illustrated, provided that the current
controller is tuned with technical optimum criterion [30] (K, ~
fs(L1 4+ L2)/3) and the delay it is assumed as 1.5 sampling
periods.

4) Discussion on the Choice of the Filter Capacitors Ratio:
From Fig. 18, it can be seen that with increasing the capacitors
ratio, also the peak reduces in the filter admittance. A value of n
between 0.4 and 1.5 seems a reasonable choice since outside this
range either the admittance peak exponentially increases (low
n) or is relatively constant (with large n). The same range can be
used also for the damping losses and filter attenuation since the
losses are lower than 0.1% and the harmonic limit are close to
imposed limit of 0.3%. However, the critical choice is to find out
if the choice of the capacitors ratio ensures the current control
stability for a given operating conditions. An initial guess is an
equal ratio between the filter capacitors (n = 1).
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Fig. 19. Root loci of the closed-loop current control under ideal conditions

and worst-case scenario for the trap filter with shunt RC damper.

TABLE III
FILTER RATINGS BASED ON THE PROPOSED DESIGNED METHOD (PER PHASE)

Filter Passive Device Peak Rating ~ L/C/R  LI?(HA?) Volume (cm?®)
LCL + RC Ly 23 A 1.5 mH 1.06 513
Lo 21 A 0.7 mH 200
Cu.C 330V 47uF 27
Ry 17W 17w -
Trap + RC L 23 A 1.5 mH 0.89 513
Lo 21 A 0.3 mH 100
Cq,Cy 330V 4.7 uF 22.7
L 3A 0.05 mH 7.6
Ry 14w 13w -
2Traps + RC L 25A 0.8 mH 0.59 200
Lo 21 A 0.2 mH 100
Cq,Cy 330V 4.7 uF 22.7
Ly 5A 0.05 mH 7.6
Cio 330V 0.44 3.65
L 25A  0.14mH 76
Ry 17W 77w -

C. Verification of the System Stability Under Actual
Operating Conditions

To test the system stability under actual operating condition,
it is considered in the following that:

1) the grid equivalent inductance varies in the range of 0.6—

5% (calculated from the base inductance of the VSC);
2) the permeability decrease of the filter inductors is 30% (in
low load condition the inductance is 130%);

3) the tolerances of the passive components are £30% for

the inductors and £20% for the filter capacitors.

A worst-case scenario can be low load condition, high-grid
impedance condition, and increased tolerances in the passive
components. This translates to a value of 170% of the designed
filter inductors, 120% of the filter capacitance in addition to
the grid inductance which for the frap filter is 4.4% (the min-
imum value of the grid inductance is considered part of the
filter inductance L). As illustrated in Fig. 19, the root loci of
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Fig. 20.  Flowchart of the proposed design method for high-order filters.

the closed-loop current control under ideal conditions, under
the worst-case scenario (L; = 5.1%, L» = 5%, C = 5%), and
under worst-case scenario with no passive damping (R; = 0).
Under ideal conditions, the current controller has a damping fac-
tor of 0.707 according to the technical optimum design criterion.
However, with increasing the ratings of the passive components
toward the worst-case parameters drift, the controller approach
to instability boundary while with disconnecting the damping
resistor, the current controller become unstable. Similar, results
are obtained for the other two filter topologies or by adopting
decreased tolerances in the passive components. Therefore, it
can be concluded that the initial choice of n = 1 is correct, since
the system is stable under the worst-case scenario.

D. Summary of the Proposed Filter Design

The final solution chosen in this design is n = 1 for the LCL
and trap filters with shunt RC damper and n = 1.094 for the
two traps topology, according to the standardized ratings of
the capacitors. The final choice of n ensures that the switching
harmonics are limited just below the 0.3% limit, while the peak
in the open loop transfer function is well limited below —5 dB.
The final ratings of the passive components after the physical
design of the inductors are shown in Table III. A generalized
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TABLE IV
MEASURED POWER LOSS AND POWER QUALITY INDICES (%)

Description LCL + RC Trap + RC 2Traps + RC
Total Losses 1 1 0.95
Damping Losses 0.075 0.071 0.053
THD, 0.45 0.45 0.39
THD; 1.27 1.12 2.67
Iy(mt-2) 0.083 0.0083 0.0328

Fig. 21. Passive filters prototypes: (a) LCL with shunt RC damper, (b) Trap
with shunt RC damper, (¢) Two traps with shunt RC damper.

INDUCTANCE VS DC BIRS
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Fig. 22.  DC-bias test of the LCL and trap filters converter side inductance.

flowchart of the proposed filter design method with the optimal
passive damping is illustrated in Fig. 20.

VI. EXPERIMENTAL RESULTS

A. Setup Description

To demonstrate the filter design, a 10-kW Danfoss FC302
frequency converter is controlled through a dSPACE DS1006
platform using proportional resonant (PR) current controllers.
The dc-link voltage is kept constant from a dc power supply
(limited to 5 kW at the time of experiments). The power loss
and power quality indices are measured with the N4L PPA 5530
power analyzer and they are summarized in Table IV.

An ac power source (California Instruments MX35) is used
for emulating the grid in order to provide an accurate low grid
side impedance (equivalent inductance of ~0.1 mH), which is
especially important for the trap filter topologies tests.
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Fig. 23.  Step response from zero to half load current for: (a) LCL with shunt RC damper, (b) Trap and shunt RC damper, (c) 27raps and shunt RC damper.
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Fig. 24. Steady-state harmonic spectrum of the grid current for: (a) LCL with shunt RC damper, (b) Trap with shunt RC damper, (c) Tivo traps with shunt RC
damper.

B. Loss/Volume Evaluation

The passive-damped power filter prototypes are illustrated in
Fig. 21. The filter volume in the case of the LCL with shunt
RC damper is about 2.28 dm?, which is around two times larger
than the two traps filter and same damping circuit. However,
for more accurate evaluation of the volume, the LI? factor from
Table III can be used since it is proportional with the volume of
the magnetic core, regardless of the adopted material. The over-
all filter losses are in the range of 1% for all the three built filter
topologies, which is an agreement with [27] for a loss-optimized
design of the overall power filter. However, the magnetic mate-
rials adopted in this design are different than in [27]; therefore,
the 1% loss limit is adopted as a generic design guideline. The
passive damping losses are in good agreement with the calcu-
lated damping losses illustrated in Fig. 17. The converter side
inductors in Table III are designed with the nominal inductance
at the peak current rating. A dc bias test of the LCL and trap
filter converter side inductor is illustrated in Fig. 22. The design
was made for a 30% permeability decrease as considered in the
worst-case scenario in Section V-C.

C. Dynmamic Test

In Fig. 23, a dynamic test is performed with a step in the load
from zero to the half the rated current. No oscillatory behavior
is observed during experimental tests.

D. Harmonic Attenuation Performance

The harmonic spectrum of the grid current is illustrated in
Fig. 24 with the total harmonic current distortion (THD;2) (see
Table IV) well below the 5% limit recommended in IEEE Std.
1547-2008. Since the experimental tests are conducted at half
load and the filer inductance is therefore higher, the most dom-

Fig.25. Converter current ripple at half load for the two traps and RC damping
shunt filter.

inant harmonic current around the switching frequency is also
well below the calculated limit illustrated in Fig. 16 (which
assume ideal passive components).

E. Design Validation of the Individual Traps and the Passive
Damping Circuit

The converter current ripple at half load for the two traps filter
is around 35% and it is illustrated in Fig. 25. The rated current
ripple is resulting in around 18% which is in agreement with
the inductor value given in (36). The validation of the damping
circuit and of the tuned traps is shown for two traps filter in
Fig. 26.

It can be noticed that even with a very small capacitor in the
second trap, the current harmonics around twice the switching
frequency are successfully suppressed to the expected value.
Hence, the split factor of the tuned capacitors is adequately
chosen. A very low percentage total inductance is achieved for
the rwo traps filter (=2%) because of the multituned traps which
is around two times less than that of the LCL filter (=4%).
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VII. CONCLUSION

In this paper, an optimum design procedure of a shunt RC
damper has been proposed for the LCL filter and multituned
traps filter. The design method has been generalized and can be
applied for any ratings of the passive filters and can be extended
likewise to other passive damping methods. The method allows
deriving useful expressions for the actual resonance frequency
of the filter, quality factor, and the damping resistor that ensures
that the peak in the filter admittance is minimal. A simple it-
erative design method of the overall filter has been proposed
based on practical considerations which reduce the excessive
trial-error procedures, related to the passive damping design of
the filter. The proposed design method was validated analyti-
cally for a wide range of grid impedance variations and tested
under different operating conditions of the passive components
which reflect typical operating points found in low-voltage ap-
plications. In experimental tests, the size and volume of the fwo
trap filter with shunt RC damper are obtained to about the half
of the LCL filter with the same damping topology. One reason
is a more accurate split factor design that is introduced to split
the trap capacitance more efficiently depending on the harmonic
limit requirement. Another advantage of the proposed method
is that the ratings of the resistor can be highly reduced.
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