J Electr Eng Technol.2017; 12(5): 1945-1954
http://doi.org/10.5370/JEET.2017.12.5.1945

ISSN(Print)

LCL Filter Design Method for Grid-Connected PWM-VSC
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Abstract — In recent years, several LCL filter design methods for different converter topologies have
been published, many of which use analytical expressions to calculate the ideal converter AC voltage
harmonic spectrum. This paper presents the LCL filter design methodology but the focus is on
presentation and validation of the non-iterative filter design method for a grid-connected three-phase
two-level PWM-VSC. The developed method can be adapted for different converter topologies and
PWM algorithms. Furthermore, as a starting point for the design procedure, only the range of PWM
carrier frequencies is required instead of an exact value. System nonlinearities, usually omitted from
analysis have a significant influence on VSC AC voltage harmonic spectrum. In order to achieve better
accuracy of the proposed procedure, the system nonlinear model is incorporated into the method.
Optimal filter parameters are determined using the novel cost function based on higher frequency
losses of the filter. An example of LCL filter design for a 40 kVA grid-connected PWM-VSC has been
presented. Obtained results have been used to construct the corresponding laboratory setup and
measurements have been performed to verify the proposed method.
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1. Introduction

In order to connect adjustable speed drives or distributed
power generation systems to the grid, three-phase pulse
width modulation voltage source converters (PWM-
VSC) are often used due to their controllability and higher
efficiency compared to other converters [1]. Both two-level
(2L) and three-level (3L) PWM-VSC topologies provide
control of DC side voltage and power factor at the point of
common coupling (PCC). Since implementation of PWM
leads to occurrence of baseband and sideband harmonics in
the AC voltage harmonic spectrum, a filter is needed to
attenuate the grid current harmonics [2, 3]. Moreover,
certain low-frequency current harmonics are influenced by
system nonlinearities as well as the grid voltage harmonic
distortion [4, 5]. The grid current harmonic limits defined
by standards are stringent and much attention should be
given to filter design [6, 7].

In most applications, L or LCL filters are used to comply
with standards concerning the grid current harmonic limits
[8]. Usage of LCL filters for grid connection of PWM-
VSCs was first proposed in [9] because LCL filters provide
higher attenuation of harmonics when compared to L
filters with identical overall inductance. LCL filter main
drawback is the resonance effect, but it can be alleviated
using different passive and/or active damping methods.
Regardless whether a damping method is used, the system
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performance in dynamic states and the overall system
stability are directly influenced by the LCL filter parameters
[10].

LCL filter design is a complex procedure involving
various constraints, such as the grid current harmonic limits,
the voltage drop across the filter inductors, the reactive
power absorbed by the filter capacitors at fundamental
frequency and the converter current ripple. Perhaps, the
most important criterion for selection of LCL filter
parameters is that the resonant frequency of the filter
should not coincide with frequencies of switching
harmonics to prevent excitation of the filter resonance
effect. Although several papers concerning design of LCL
filters for grid-connected PWM-VSCs have been published
in the last decade, most methods have different drawbacks,
one of which is their iterative character [11-28]. The design
procedure reported in [11] was the first effective method
for selection of filter parameters. Parameters are obtained
from expressions involving the AC current ripple, the
voltage drop across the filter inductors and the reactive
power of the filter capacitors. Main drawbacks of this
method are its iterative approach and the fact that most
values of abovementioned expressions are not defined by
standards concerning the allowed harmonic distortion of
current at PCC [6, 7]. On the other hand, analytical
expressions for the voltage harmonic spectrum of an ideal
VSC together with the simplified LCL filter model are used
to calculate the grid current harmonic spectrum in [12-
15]. This allows for the comparison of current harmonic
spectrum with limits defined by standards. The procedure
in [16] combines previously published methods to clarify
relationship among LCL filter parameters, the resonance
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frequency and the high frequency ripple attenuation. It is
important to note that the presented approaches are
characterized by the overall system simplifications that
do not include system nonlinearities and grid voltage
distortion. These simplifications, although practical, can
lead to selection of inadequate LCL filter in terms of
increased current harmonic distortion at PCC.

Logical extensions of methods for selecting LCL filter
parameters are the filter optimization methods presented
in [20-23]. These methods, although exhibiting common
features, are developed for different converter topologies
and modulation techniques. The Virtual Voltage Harmonic
Spectrum (VVHS) concept developed in [24] is used as an
integral part of the methods presented in [20, 21]. This
concept assumes an ideal converter. Based on VVHS and
an ideal filter model, worst-case grid current harmonic
spectrum can be calculated and compared to standards [6,
7]. In order to decide the optimal combination of filter
parameters from a set of parameter combinations which
ensure that grid current harmonic content is within limits
defined by standards, optimization methods use different
criteria.

2. System Description

The three-phase 2L PWM-VSC connected to the grid
through LCL filter, investigated in this paper, is shown in
Fig. 1.

The grid is modelled with an ideal three-phase
sinusoidal voltage source (v,g, Vig Vo) With fundamental
frequency (f,). Parameters L;, and L, represent the grid side
and the converter side inductor, respectively, while the
parameter Cy, represents the filter capacitor. The nonlinear
model of the presented system has been developed in
PLECS and it includes the dead time delay [4, 29]. The
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Fig. 1. Three-phase PWM-VSC connected to the grid
through LCL filter

Table 1. Parameters of system shown in Fig. 1

Symbol Quantity Value
Jn rated grid frequency 50 Hz
U, rated grid voltage (line-to-line, rms) 400V
1, rated filter current (rms) 60 A
Cpe DC link capacitance 3000 pF
Ve DC link voltage 620V
Iz carrier frequency 2-5kHz
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system parameters are given in Table 1.

3. LCL Filter Design Constraints and
Optimization

Main goal of any filter design method is to select the
filter that will provide sufficient attenuation of current
harmonics at PCC. Considering the system parameters
given in Table 1, two relevant standards that define the
current harmonic limits at PCC when connecting electrical
equipment to the grid are IEEE 519-2014 and IEC 61000-
3-12 [6, 7]. In most cases, the first step of the filter design
procedure is to define minimum and maximum values of
filter parameters using different constraints and afterwards
various optimization methods can be used to achieve lower
filter losses and/or cost depending on selected criteria. In
most cases, selection of filter parameters is a process that
requires a certain number of iterations.

3.1 Filter parameters constraints

Typically, constraints used in filter design methods
include the filter resonant frequency, the converter AC
current ripple, the voltage drop across the filter inductors
and the reactive power of the filter capacitors. These
quantities are not defined by standards and their values
differ among methods.

The converter AC voltage and the grid current harmonic
spectra are mainly determined by the modulation technique
and the synchronization between sampling and PWM
algorithm execution implemented in the microcontroller as
well as LCL filter parameters. The filter resonant frequency
(fs) should be chosen in such a manner to avoid excitation
of resonance and to ensure stable operation of the overall
system. This can be achieved if the following condition is
met [2]

(10-f, or 025-£)) < f. < 05-f (1)

where the resonant frequency of the LCL filter is given by

1 Lf +Lfc
"L L C @
TN L b Cp
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When calculating the resonant frequency, the grid
impedance at PCC (and the impedance of isolating
transformer) should be considered by increasing the grid
side inductance.

The voltage drop across the filter inductors should not
limit converter operation in the PWM linear region. The
combined filter inductance is determined according to
voltage drop at rated load and is usually chosen between 5
and 20% of the rated line-to-neutral grid voltage (V,), [11]



Goran Majic, Marin Despalatovic and Bozo Terzic

0.05-¥, <27 f,-(L,+L,) I,<02-V, 3)
where [, is the filter (and/or PWM-VSC) rated AC current.
The converter AC current ripple is mainly limited by the
converter side inductor. The minimum inductance value of
the converter side inductor is determined by the maximum

value of the converter AC current ripple (Al ,,) and can
be chosen according to [13, 20]
V
L = =—Dbc
fc,min kf; ’Alamax (4)

where the coefficient k£ depends on the selected modulation
technique.

When considering the filter capacitors, reactive power at
£, should be limited. If that is the case, the maximum value
of capacitance is given by [17, 18]

ﬂ/.Pfl
27-f,-(N3-U,)

(6))

C fd ,max =

where P, is the converter rated power and the coefficient A
depends on the maximum reactive power. The value of the
coefficient A is usually chosen between 0.05 and 0.1.

3.2 Filter parameters optimization methods

Filter optimization methods are often performed as a
part of the filter design procedure to obtain the optimal
combination of filter parameters from a set of allowed
parameter combinations. This involves formulation of a
criterion, i.e. a cost function (CF) used to select the optimal
combination. As a starting point of the design procedure,
most methods use various constraints, some of them given
in previous section. Using these constraints, minimum and/
or maximum values of filter parameters are calculated. For
all parameter combinations, based on analytical expressions
for the AC voltage harmonic spectrum of an ideal converter,
the current harmonic spectrum at PCC is obtained and
compared to the standards [6, 7]. This can be done for a
single operating point or, as in case of VVHS concept,
over entire range of operating points. Despite numerous
differences between various filter design methods, they are
all characterized by neglection of system nonlinearities
and their influence on the AC voltage harmonic spectrum
of PWM-VSC [20-22]. Because of this, selected filter
parameters can lead to increased current harmonic
distortion at PCC.

4. LCL Filter Design Method

4.1 Cost function

In most cases CFs are selected with a tendency to

achieve low losses and/or low volume, i.e. price. Although
it is possible to define various CFs and to select optimal
parameter combinations accordingly, CFs which are
compatible with the overall system design should be
preferred. Selection of a certain optimal filter parameter
combination can potentially lead to increased converter
losses if the filter design is considered separately from the
overall system design [22]. If the filter volume/mass is
minimized, initial investment costs will be lower. However,
it is the authors’ opinion that the minimization of system
losses will be more beneficial when considering long-term
exploitation costs [30].

The main objective of this paper is to introduce the
novel CF that will lead to reduction of both filter and
converter losses. The converter switching and conduction
losses mostly depend on the switching frequency, the DC
link voltage, the pulse-width modulation index, the
converter current and its spectrum, and semiconductors
specifications [31]. On the other hand, inductor winding
and core losses depend on current and flux density spectra
[21, 32-34]. Hence, significant losses of the overall system
can occur on higher frequencies. This suggests that overall
system losses can be separated into two terms. The first
term represents the fundamental component while the
second term represents all other frequency components.
The same approach, regarding voltage and current spectra,
can be applied to the energy stored within filter
components. Based on measurements performed as a part
of this study, a correlation between higher frequency
components of stored energy (reactive power) and losses
can be established which is also valid for fundamental
harmonic components. These observations indicate that
the stored energy within filter components may be used to
formulate CF while avoiding comprehensive winding and
core losses modeling of filter inductors since they depend
on numerous variables [33, 34]. Nevertheless, calculation
of stored energy requires accurate determination of voltage
and currents spectra which is achieved using the nonlinear
model of the observed system [4]. By considering sources
of system nonlinearities, error margin for the filter design
procedure can be significantly decreased.

In this paper, CF includes reactive power within all filter
components unlike in [20] where capacitors are neglected.
Consequently, CF is defined as the inverse ratio between
the fundamental reactive power of filter components and
the sum of all other reactive power harmonic components

400

.o (Lfg Tg+ L 15 +Cy Uy, )
_ =

o (Ly T+ LI +CyUgy)

(6)

CF

where w; and w, are the fundamental and the #A-th
harmonic angular frequency, /,; and /., are the fundamental
harmonics of the grid and the converter currents, /,, and /,,,
are the A-th harmonics of the grid and the converter
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currents, Uy, and Uy, are the fundamental harmonic and
the A-th harmonics of the filter capacitors voltages,
respectively.

Numerator in (6) depends mainly on the harmonic
distortion of grid and converter currents as well as the
filter capacitors voltage. On the other hand, denominator
represents only the fundamental harmonic and is a good
indicator of the filter volume/price [35, 36]. It may be
argued that the lower values of (6) will be achieved for
those parameter combinations that ensure a relatively low
harmonic distortion of converter and grid currents. If, for
instance, Lg is kept constant, this is accomplished with
higher values of L. and lower values of Cyin such a way
to ensure that f,,, complies with (1). Higher values of L
lead to lower converter current ripple which consequently
results in lower converter and filter losses [34]. On the
contrary, lower values of L, and higher values of C; may
result in higher converter and filter losses. This is due to
an increase in the fundamental reactive power of the
capacitors, which requires a higher modulation index to
achieve unity power factor at PCC [31].

4.2 Design procedure

The flowchart of the proposed LCL filter design method
is presented in Fig 2. The first step of the design procedure
is to define constraints based on initial input data. Con-
verter topology and nominal data, modulation technique
and carrier frequency as well as DC link voltage are used
as a starting point for the procedure. Based on these data,
minimum and/or maximum values of filter parameters
and resonant frequency can be calculated according to (1) -
(5). The next step is to choose resolution within previously
defined ranges for every filter parameter. Although, at
this point inductors resistances are not known since they

INPUT DATA
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Fig. 2. Flowchart of proposed LCL filter design method
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depend on the dimensions and materials used for
manufacturing, the equivalent series resistance (ESR) of
a capacitor can be approximated according to available
manufacturers’ data. The ESR contributes to passive
damping of the filter resonance.

In the next step, the nonlinear model of the system is
used to calculate the current harmonic spectrum at PCC for
every parameter (L, Cy; Ly) combination [4]. Furthermore,
capacitors ESRs are incorporated into the model and it may
be argued that those combinations that do not require
additional passive damping are preferred. Simulation can
be carried out for different operating points, but usually
rated load for various power factors is chosen. By doing so,
both standards given in Section 3 can be used in the design
method since in [7] harmonic limits are defined in relation
to the referent current. It should be pointed out that the
inclusion of VVHS concept into design method would not
allow for the use of [7] or implementation of the dead time
nonlinearity since VVHS is obtained based on an ideal
converter model.

The next step of the procedure is to determine the set of
acceptable parameter combinations. This is achieved by
comparing the grid current harmonics to limits defined by
standards for every parameter combination. Cost function
is calculated according to (6) for every combination of the
obtained set. The main advantage of the presented design
method is that the filter parameters are obtained in a
straightforward way.

5. LCL Filter Design Example

In this section the proposed design method is used to
select LCL filter parameters of a grid-connected three-
phase 2L PWM-VSC. Parameters of the system are given
in Table 1. Typically, the carrier frequency of a PWM-VSC
can be varied over a defined range. In high power
converters, maximum carrier frequency is limited to avoid
excessive switching losses. The carrier frequency range
in Table 1 is selected according to typical data of
commercially available low-voltage converters when
considering rated power up to 400 kVA. Double-edge
symmetrical regularly sampled space vector pulse-width
modulation (SVPWM) technique is implemented in the
nonlinear model [3].

Aforementioned data and expressions (1), (3) and (5)
are used to calculate the parameter limits. According to
converter data and (1), the minimum value of f,, is set at
500 Hz while the maximum value depends on the carrier
frequency. Based on (5), A is set to 0.0786 in order to
match the value of Cy,,,, to the standardized value of 65
pF [35]. The minimum capacitance value is chosen
according to available catalogue data and is set at 10 pF
[35]. The maximum allowed voltage drop across the filter
inductors is 20% of the rated voltage, which corresponds to
the maximum value of (L, + L;) equal to 2.46 mH. The
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minimum inductance value for both filter inductors is set at
0.3 mH according to (3) which is sufficient to neglect the
influence of the 1 MVA isolating transformer equivalent
inductance (approx. 0.033 mH). Resolution for inductances
is chosen to be 10 puH, while capacitances are chosen based
on standard values for capacitors according to their type
and intended purpose [35].

The filter design procedure can be carried out for
different operating points considering both rectifier and
inverter mode of operation as well as various (leading
and lagging) displacement power factors. The range of
considered operating points is limited by the condition of
converter operation in the PWM linear region [1]. The

design procedure is carried out for various operating points.

However, only results for the rated operating point are
presented for the sake of brevity because other operating
points yielded similar results.

Since the exact value of the carrier frequency is not
known prior to filter selection, the design procedure is
carried out for carrier frequencies of 2, 3, 4 and 5 kHz.
Based on the chosen resolution, the initial overall number
of parameter combinations is 799695. For every parameter
combination, the grid current harmonic spectrum is
calculated using the nonlinear model of the system and
combinations that do not comply with the standards are
discarded. After this step, 189504 parameter combinations
remain. Based on (6), the cost function is calculated for the
remaining parameter combinations and the one with the
minimum value can be selected as the optimal parameter
combination.

Optimal parameter combinations for different f, at 0.9,
and unity power factor at PCC are given in Table 2. For all
selected carrier frequencies, ratio f. / f, is an even number
and the harmonic order (#) of fundamental frequency
multiples around the first multiple of f. are also even
numbers. Because of this, all sideband harmonics for
which # < 50 will be compared to more stringent limits
since even harmonics are limited to 25% of odd harmonic
limits [3, 6]. In accordance with abovementioned, none of
the parameter combinations comply with the grid current
harmonic limits for f. = 2 kHz Instead of 2 kHz, the
procedure is repeated for £, = 2.05 kHz.

Simulation results of grid current harmonic spectra, at
0.9, and unity power factor at PCC for parameter
combinations given in Table 2, are presented in Fig. 3.

Table 2. Optimal Filter Parameter Combinations at 0.97,
and Unity Power Factor

Presented harmonic spectra are obtained using the
nonlinear model with dead time delay equal to 4 ps. Grid
current harmonic limits defined by [6] for odd and even 4
are represented with blue and green solid lines, respectively,
while dashed lines represent limits defined by older
revision of the same standard for # > 50. Furthermore,
only harmonics in the baseband and the first sideband
region are presented since other harmonics in the grid
current harmonic spectrum are negligible. Although,
sideband harmonics are solely dependent on the PWM
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algorithm, some baseband harmonics are also influenced
by the system nonlinearities as well as the LCL filter
resonance effect [4].

In accordance with Table 2, the optimal filter
capacitance is equal to 63 pF for all £, but optimal values of
inductances differ for both inductors. Clearly, there is no
parameter combination that can be characterized as the
optimal if £, is not kept constant. Instead, it is necessary to
determine a parameter combination that can be regarded as
the most appropriate one, i.e. a compromise. In order to do
so, four sets of parameter combinations are constructed for
each of the four values of f, given in Table 2 (2.05, 3, 4 and
5 kHz) and Cj, = 63 pF. Each set is constructed from
parameter combinations for which the value of CF falls
within the range defined by the minimum value of the cost
function (CF,,;,) for a given f, and a non-integer multiple
(o) of CF, i.e. o'CF;,. The value of parameter o is
varied until four sets of parameter combinations intersect,
which occurs for 6 = 1.2. If C is kept constant, then four

sets of parameter combinations can be presented as in Fig 4.

Combinations of each set are presented with an identical
marker in the L, — L, plane. Intersection between sets of
markers occurs in the shaded area. Parameter combinations
within the shaded area can be considered as a compromise
if £, is varied during exploitation. The boundaries of the
shaded area in Fig. 4 are determined by taking into account
tolerances of LCL filter components as defined in
manufacturers’ catalogues. It is reasonable to conclude that
any parameter combination within the shaded area can be
used to construct the LCL filter and final selection can be
made based on availability of passive components.

6. Experimental Setup and Measurements
6.1 Laboratory setup

In order to validate the proposed LCL filter design
method, laboratory setup was used for which the
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Table 3. Parameters of Laboratory Setup

Symbol Quantity Value
Lfg inductance of grid side filter inductors 0.6 mH
ng resistance of grid side filter inductors 8§ mQ
Ly inductance of converter side inductors 1.8 mH
Ry resistance of converter side inductors 16 mQ
Cu filter capacitance 60 uF
Ry capacitor equivalent series resistance 10 mQ

Fig. 5. Laboratory setup of system shown in Fig. 1

parameters are given in Tables 1 and 3. Laboratory setup,
shown in Fig. 5, consists of a three-phase back-to-back
converter connected to the grid through LCL filter. The
grid side of the back-to-back converter is in accordance
with Fig. 1 and is controlled using the voltage oriented
control (VOC) method implemented in Texas Instruments’
TMS320 F28335 microcontroller [1, 2]. The motor side of
the converter is disconnected and an adjustable 35 kW
resistive load is connected to the DC link bus.

Due to limited availability of required passive elements
and their individual price, the LCL filter is assembled using
components listed in Table 3 [35, 36]. Selected inductors of
the LCL filter fall within the shaded area in Fig 4.

Grid and converter voltages and currents are measured
using voltage differential and current probes while the
Hewlett Packard’s digital signal analyzer HP35665A is
used for online analysis of harmonic spectra.

6.2 Experimental Results

The purpose of experiments carried out on the laboratory
setup is to verify the LCL filter effectiveness by measuring
its losses and current harmonic spectrum at PCC for
various operating points. Measurements of filter inductors
losses and stored energy have been performed separately
for each inductor and are used to illustrate the validity of
the proposed CF [33, 34]. For the sake of clarity, only the
losses of the converter side inductors for unity power factor
at PCC are presented. Inductors total (P,,,) and fundamental
harmonic (P;) losses in relation to the converter current
fundamental harmonic are shown in Fig. 6(a).

As can be seen, significant higher harmonic losses are
present regardless of f.. The rms value of the converter
current without the fundamental harmonic is shown in Fig.
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Fig. 6. Measurements on converter side inductors: (a)
fundamental harmonic and total losses, (b) rms
value of current without fundamental harmonic, (c)
reactive power

6(b). This quantity varies with f, and directly influences
inductors total losses, i.e. stored energy shown in Fig. 6(c).
Evidently, characteristics in Fig. 6 exhibit similar trends
which justify the use of (6) as the CF for the LCL filter
design method.

Measurements of current and voltage spectra on the AC
side of PWM-VSC have been carried out for various
operating points defined by different loads and power
factors at PCC. The maximum load connected to the DC
link bus is equal to 35 kW (0.91, at unity power factor at
PCC). For the sake of brevity, only results for this
operating point and two different carrier frequencies are
presented.

In Figs. 7 and 8, the grid phase voltage and current
waveforms as well as the grid current harmonic spectra are
shown for £, of 3 and 4 kHz, respectively. As can be seen
from Figs. 7a and 8a, grid voltages and currents are in
phase and both waveforms exhibit non-ideal sine
waveform. The grid current waveform suggests that certain
low-order even harmonics are present in the spectrum. This
is observed for all operating points and confirmed by the

(a) 400

200~

Igq (A)

IEEE 519

/(kHz)

Fig. 7. Experimental results at 35 kW load and unity power
factor at PCC for f. = 3 kHz: (a) grid phase voltage
and current waveforms, (b) grid current harmonic
spectrum

corresponding grid current spectra for carrier frequencies
of 3 and 4 kHz, shown in Figs. 7(b) and 8(b), respectively.
The grid current harmonic limits defined by [6] are
represented with the blue (odd %) and the green (even /)
solid line with dashed lines corresponding to limits given
by older revision of the same standard for # > 50. Low-
order harmonics occur throughout the baseband region as
a consequence of the PWM algorithm. When calculated
according to analytical expressions for an ideal converter,
magnitudes of these harmonics are lower by as much as
an order of magnitude [3]. One possible explanation for
discrepancies concerning these harmonics is that their
magnitudes are largely determined by unavoidable
presence of nonlinearities in the laboratory setup [4].
Additionally, current harmonics around 1 kHz are
influenced by the filter resonance effect since the LCL
filter resonance frequency is 968 Hz. Also, the grid
voltage distortion impacts the grid current spectrum in the
baseband region.

The grid current harmonic spectrum shown in Fig.
7(b) complies with harmonic limits defined by [6]. Since
harmonic orders of the first sideband harmonics are even
numbers this would not be the case if they are compared to
the older revision of the same standard. This is consistent
with simulation results presented in Section 5. For f. = 4
kHz, the LCL filter provides sufficient attenuation of
sideband harmonics as shown in Fig. 8(b).

Based on the analysis of experimental results, the choice
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Fig. 8. Experimental results at 35 kW load and unity power
factor at PCC for f. = 4 kHz: (a) grid phase voltage
and current waveforms, (b) grid current harmonic
spectrum

of f. is very important since harmonic limits imposed by
standards are very stringent, especially for f, < 2.5 kHz.
However, the proposed LCL filter design method does not
require knowing the exact value of f.. After the LCL filter
has been constructed in accordance with the results of the
filter design method, it is possible to select the optimal f,
based on certain criteria.

7. Conclusions

In this paper, the non-iterative LCL filter design method
is based on the novel cost function. Proposed CF, although
formulated in accordance with measurements of inductors
losses, requires calculation of reactive power within filter
components instead of losses. Exact calculation of losses
requires numerous data concerning geometry and materials
used for filter construction. On the other hand, calculation
of reactive power is based on the nonlinear model since
analytical expressions of the ideal converter AC voltage
spectrum exhibit significant differences in comparison to
measured results. In other words, implementation of the
nonlinear model increases accuracy of the proposed
method. The described approach is focused on increasing
overall system efficiency during design stage instead of
minimizing filter volume/price. This concept is chosen
because it is compatible with further online optimization of
the system during the exploitation stage, e.g. by selecting

1952 | J Electr Eng Technol.2017; 12(5): 1945-1954

the optimal carrier frequency, which will be the subject of
future work.
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