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Abstract — The attention in this paper is directed to the de-
sign of a passive damped LCL filter intended to connect the
voltage source inverter of an active DC-traction substation
to the AC-power supply. Based on the tasks to be fulfilled by
the passive connecting filter related to the current filtering
and its dynamics, the mathematical foundation of the LCL
filter design consists in taking into consideration the trans-
fer function of the currents, the switching frequency, the
resonance frequency and the compensated harmonics by
active filtering. A design algorithms is formulated, by con-
sidering the imposition of the attenuation corresponding to
the switching frequency. Besides this, the position of the
resonance frequency relative to the frequency of the highest
order harmonic to be compensated is imposed. The design
algorithm is fully formulated, and specific indicators are
defined and used to evaluate the performance of the whole
active filtering system. The case study taken into considera-
tion is of the active DC-traction substation, where the un-
controlled traction rectifier is of 12-pulse parallel type.
Based on Matlab-Simulink modeling, the simulation of the
whole active DC-traction substation operating in both active
filtering and regeneration regimes illustrates the proper
behavior of the system and the influence of the LCL filter
parameters on the power quality performance.

Cuvinte cheie: tractiune in c.c., filtrare activa de putere, re-
generare, filtru LCL, rezistenta de amortizare.

Keywords: DC-traction, active power filtering, regeneration,
LCL filter, damping resistance.

I. INTRODUCTION

Two issues have been identified so far in the operation
of the classical DC-traction substations with uncontrolled
rectifiers, whose solving can lead to increased energy effi-
ciency.

The former consists of the distorted current in the trac-
tion transformer primary due to the traction rectifier's op-
eration during the traction regime. For instance, the total
harmonic distortion (THD) factor of about 12% in the case
of 12-pulse rectifier, and about 30% in the case of 6-pulse
rectifier are common values [1]-[4], which do not meet
the standards and recommendations for harmonic control,
i.e. IEEE-519 [5]. The modern, flexible and high perform-
ance solution of adding a shunt active power filter (SAPF)
based on voltage source inverter (VSI) structure in the
point of common coupling (PCC) is the solution increas-
ingly adopted to solve this problem [6]-[9].

The latter is related to the impossibility of sending back
into the grid the energy resulting from the regenerative
braking process of the traction motors, due to the unidirec-

tional traction rectifier. Besides the solution of the direct
return to the AC-power supply [10]-[12], the new solution
called “active substation” ensures both the recovering the
surplus energy in the traction substation and the power
factor compensation [13]-[15].

As the active traction substation involves the addition
of a VSI acting as SAPF, the performance of the system
depends on the circuits of connection and their design.

The use of the LCL passive filter to interface the in-
verter with the power grid is an increasingly common so-
lution compared with the classical L filter, due to the
smaller size and cost and better performance [16]-[18].

Regarding the tasks of a LCL filter connected at the
output of VSI acting as SAPF, the specificity consists of
the ability of reducing as much as possible the switching
harmonics without modify the harmonics of low order to
be compensated by active filtering. A compromise must
be made in this respect.

In the design of the LCL filter, the use of transfer func-
tions as admittances or impedance characteristics is often
found in literature [8], [9]. In our opinion, due to the low-
pass wideband behavior of the LCL filter against the cur-
rent harmonics at the inverter output, the design informa-
tion is obtained from the transfer function as the relation-
ship of the LCL’s output current to its input current [19]—
[23].

In this paper, the design algorithm of the LCL filter
with damping resistance is conceived based on the transfer
function of the currents and imposing some specific quan-
tities related to the filter’s performance.

The paper is organized as follows. Section II briefly de-
scribes the active DC-traction substation. Then, the LCL
filter tasks and transfer function are presented, followed
by the performance indicators. The mathematical founda-
tion and the design algorithm are the subject of Section V.
The next section illustrates the simulation results for the
practical case of an active DC-traction substation with 12-
pulse parallel rectifier. The key findings are expressed in
the end of the paper.

II. STRUCTURE OF THE ACTIVE DC-TRACTION
SUBSTATION

The structure of the active DC-traction substation
shown in Fig. 1 highlights the IGBT-based voltage source
inverter as the key component added to the existing trac-
tion substation with uncontrolled rectifier. The LCL filter
with damping resistance makes the connection with the
recovery transformer which ensures the proper level of the
VSI voltage on its AC-side [15], [19]-[23].
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Fig. 1. DC-traction substation with active filtering and regeneration capabilities.

In the traction regime of the traction substation, the di-
ode of the separating circuit on the DC-side is blocked and
VSI acts as a shunt active filter improving the power qual-
ity on the AC-side.

When the traction motors operate in braking regime, the
separating diode is forward biased and the associated re-
generative energy is sent back into the power supply.

The AC-current provided by VSI is controlled in indi-
rect mode, by handling the supply current upstream the
point of common coupling (PCC) [24], [25].

III. LCL FILTER TASKS AND TRANSFER FUNCTION

The main tasks of the passive LCL filter on the AC-
side of the VSI acting as SAPF are the following [23]:
- rejecting the IGBTSs’ switching harmonics;
- all harmonics to be compensated should pass unal-
tered, in order to obtain sinusoidal supply currents;
- ensuring a good dynamics of the current, in accor-
dance with the prescribed current.
The main transfer function of the LCL filter with damp-
ing resistors, which is very useful in the design procedure,
is related to input and output currents [19], [20], [23] i.e.:

Gy(s) = Ly(s)/1,(s) = (14 sR,C, ) 1+ 5R,C, +5°L,C ) (1)

Thus, the associated expressions of the transfer function
modulus and resonance frequency are [19], [21]-[23]:
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Ores = 1/R,C .\/\/(chf +2R3Cf(1,C ) -1 (3)

As illustrated by (1), (2) and (3), only the pair of prod-
ucts L,Crand R,Cy intervenes and, consequently, they can
be determined based on some conditions related of at-
tenuation and frequency.

IV. PERFORMANCE INDICATORS

Since the same values of the products L,C;and R,Cy
can be obtained from several sets of parameters L,, Cr and
R, the use of some performance indicators in the design
algorithm is absolutely necessary.

The first one is related to the losses (P,) on the damp-
ing resistors, which has the meaning of an equivalent re-
sistance (R..;) [19], [22]:
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where ®y, is the switching frequency.

The second performance indicator gives information on
the extent to which the presence of the interface filter in-
fluences the harmonics to be compensated, whose order is
below N.

Three expressions are proposed to be used for this kind

of indicator:
N
PI =1- /Z(]G(mk)| -1f (5)
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all them having values less than 1. The performance is all
the better, as PI approaches the value of 1.

The indicator introduced by (5) treats equally each
harmonic, the one corresponding to (6) penalizes the am-
plification of the harmonics close to fN, and the one corre-
sponding to the (7) penalizes the amplification of the low
order harmonics.

V. MATHEMATICAL FOUNDATION AND DESIGN
ALGORITHM

The mathematical foundation of the design algorithm
relies on the role of the LCL filter.

Thus, based on expression (2) of the square of the trans-
fer function modulus, the condition of switching harmon-
ics attenuation is expressed as:
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where my, is the imposed magnitude response at the
switching frequency.

As the behavior of the connecting filter depends on the
resonance frequency o, compared to the frequency wy
associated to the highest order harmonics to be compen-
sated, the ratio g of these quantities will be introduced in
the design algorithm,

q= ('Ores /CON . (9)

Thus, expression (3) becomes:

L,C, +2R3C?
! 2T —gey. (10)
RiCy L,Cy

After processing (10), the square of the product R,C; is
expressed as follows:
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Along with (8), expression (11) provides the second re-
lationship between the products L,C, and R,C; .

After replacing (11) into (8), the following equation is
obtained:
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which gives the product L,C; as a function of m,, g, oy,
and oy, appearing in parameter z introduced to simplify
the form of the equation,

z=0,,/oy . (13)

Then, the product R,C/is provided by (11).

It should be noticed that, based on (11), there is a limi-
tation related to product L, Cy, as follows:

|
. (14)
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In the following analysis, the magnitude responses for
frequencies oy and ®,., are taken into consideration too:
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my = ; (15)
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Based on expressions (8), (11), (15) and (16) and taking
into consideration condition (14), the dependencies of the
magnitudes my, my, and m,.s as functions of the products
L,Crand R,C; for different values of the parameter ¢ are
presented in figures from 2 to 5. The influence of L,C; on
the performance indicators P/;, PI, and PI; for N=31 is
illustrated too.
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Fig. 2. Magnitudes my, mg, and m,. as functions of L,C, (a) and R,C,
(b) and indicators P/, PI, and PI; as functions of L,C; (c), for g=1.2.
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Fig. 3. Magnitudes my, m, and m,. as functions of L,C; (a) and R,C;
(b) and indicators PI,, PI; and PI; as functions of L,C; (c), for g=1.7.
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Fig. 4. Magnitudes my, m, and m,. as functions of L,C; (a) and R,C;
(b) and indicators PI,, PI; and PI; as functions of L,C; (c), for g=2.5.

B A

Fig. 5. Magnitudes my, m, and m,., as functions of L,C; (a) and R,C;
(b) and indicators PI,, PI, and PI; as functions of L,C; (c), for g=3.

It can be seen that the magnitude my, decreases as
product L, Cy increases and product R,C; decreases, and it
is lower at lower values of g. On the other hand, both
magnitudes my and m,,s increase as L,C; increases and
R,C; decreases, which is an unfavorable aspect. It means
that a compromise between the very high attenuation of
the switching harmonics and the very little influence on
harmonics to be compensated must be adopted.

For 1nstance the highest value of L,C, for ¢=1.7 is
3.64-10° H-F and the associated value of R,C;is 4.055-10
5 QF. In this case, m,, is about 0.0772 (i.e. -22.25 dB),
my=1.53, and m,;=14.92, as illustrated in Fig. 3 a) and b).
By comparlson for the same ¢, but L Cf =1.99-10° H'F,
R,C=1.797 10° QF, the performance in diminishing the
switching harmonics is very poor, as m,= 0.59, which means
only -4.58 dB. As regards the amplification at frequency
f, it is lower by 0.4 (1.13 compared to 1.53). The reso-
nance magnitude m, is diminished to an even greater
extent (1.19 compared to 14.92).

Smaller amplification of the harmonics to be compen-
sated by active filtering is obtained at higher values of
parameter g. For example, when L,Cyis the highest poss1—
ble for g =2.5 (L,C, =1.68: 10° H-F), my=1.18, but m,, is
0.18, which means -14.89 dB (Fig. 4), compared to -22.25
dB for ¢ =1.7 (Fig. 3).

The influence of L,C; on the performance indicators
PI,, PI, and PI; which are related to my, for different
values of ¢ (Figs. 2, 3, 4 and 5 c)) confirm the previous
conclusions. Thus, all three indicators, but especially P/,
and PI,, have better values at higher values of ¢q. Unfortu-
nately, the influence of the IGBTs’ switching on the cur-
rent is expected to remain rather high.



Fig. 6 shows the relationship between products L,Cy
and R,C; for four values of g across the whole range of
L,Cy. As exhibited, the range of L,C, becomes narrower
as g increases and the product R,C; decreases as the prod-
uct L,C; increases, irrespective of the value of g.

When different values of the capacitance are taken into
consideration to obtain the resulted products L,C, and
R,Cy in order to obtain the highest attenuation of the
switching harmonics, Fig. 7 illustrates the needed values
of the damping resistance R; and inductance L,. As
shown, both quantities are smaller in the case of higher
values of ¢. Quantitatively, the value of inductance is
much more influenced by the value of ¢, especially for
low values of the capacitance. As an example, for C, =1
uF, L,=3.64 mH if ¢g=1.7 and L,=1.68 mH if ¢=2.5.

The equivalent resistance, which gives information on
the power losses on the damping resistance, is obviously
higher for g=1.7, as this case corresponds to a greater at-
tenuation of the switching harmonics (Fig. 8).

The Bode magnitude diagrams in Figs. 9 and 10 high-
light better the behavior of the filter with respect to fre-
quencies oy and ®y,, as well as the resonance frequency.
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The diagram in Fig. 9 a) corresponds to the highest at-
tenuation at the switching frequency (m,=0.0772) for
g=1.7 and C;=5pF. The associated values of the perform-
ance indicators are: PI, = 0.612, PI, =0.762, PI; = 0.983,

R, =2.81 Q. The others diagrams in Fig. 9 show a lower
magnification at frequency wy, leading to increased val-
ues of indicators PI, PI, and PI;, but a lower attenuation
at frequency oy,

Similar aspects are exhibited by the Bode diagrams in
Fig. 10 for g=2.5 and C, =5pF. Even if the magnification
at frequency oy is lower than in the case of g=1.7, the
attenuation at frequency oy, is lower too.

Based on the previous mathematical foundation, the de-
sign algorithm was conceived and it is summarized in Fig.
11.

VI. SIMULATION RESULTS

In order to assess the behavior of the LCL filter de-
signed by the algorithm above, a specific Matlab-Simulink
model of an active DC-traction with 12-pulse parallel di-
ode rectifier has been conceived. It contains:

- The traction transformer with Y/y/d connection, 2 MVA;
33kV/1.2kV/1.2kV;

- The recovery transformer with Y/y connection, 2.2
MVA; 820 V/ 33 kV;

- The DC-traction line with rated voltage of 1500 V;

- The DC-coupling circuit, with Cr=100 mF and L,=40

pH.

Three sets of values for the LCL filter with damping re-
sistance, which are provided by the proposed design algo-
rithm, are taken into consideration. They correspond to
fsw=10 kHz and N=31.

Set 1. Cy =5uF, R; =0.81 Q, L,=0.73 mH, obtained for
g=1.7 and m,,,=0.077;

Set 2. Cy =5uF, R; =15.6 Q, L,=0.39 mH, obtained for
g=1.7 and m,,=0.593;

Set 3. Cr =15pF, R; =0.25 Q, L,=0.11 mH, obtained for
q=2.5 and m,=0.182.

As regards the inductance L; of the LCL filter, it does
not influence the transfer function between output and
input currents, so that a small value L,=L,/10 was taken
into consideration, to limit the IGBTs’ switching losses.

The operation of the active DC-traction substation in
both traction and regeneration modes has been simulated.

As shown in Fig. 12, during the operation in traction
regime of the active substation, the currents drawn by the
traction transformer from the power supply are distorted.
The total harmonic distortion factor is of about 12 %, and
the main harmonics are of orders 11, 13, 23 and 25 (Fig.
13).

When set 1 of parameters is adopted for the LCL filter,
the waveforms of input and output currents of the LCL
filter show that the filter fulfills its mission to significantly
reduce the switching effect (Fig. 14 and Fig. 15).
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As effect of a proper current injection in PCC through
the LCL filter, the compensated current drawn from the
power grid is almost sinusoidal (THD=3.45%) and nearly
unity power factor is obtained (Fig. 16). The harmonic
spectrum of the grid current shows that the main harmon-
ics of orders 11, 13, 23 and 25 are all bellow 1% of the
fundamental component (Fig. 17).

Good quality of the grid current (THD=4.95%) is illus-
trated too in Fig. 18, during the operation in regeneration
mode. All harmonics in the range of 2 to 31 order are all
bellow 0.65 % of the fundamental component (Fig. 19).

When the second set of parameters for the LCL filter is
used in simulation, the waveforms in Fig. 20 and Fig. 21
show that the switching harmonics are only rejected to a
small extent, resulting in a remaining harmonic distortion
of about 8.85%.
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Fig. 16. Phase voltage and current upstream PCC in traction regime, for
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As expected, the situation is even worse in the case of
the third set of parameters (Fig. 22 and Fig. 23).

The global harmonic distortion of the compensated
current is higher (THD=14.9%) and Fig. 23 illustrates the
distorted compensating current provided by the LCL filter.
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set 3 of parameters.
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VII. CONCLUSIONS

This paper presents a method of designing a LCL filter
with damping resistance for the connection of a three
phase shunt active power filter to the power grid.

The algorithm is based on the imposition of the attenua-
tion at the switching frequency and the imposition of the
resonance frequency.

The performance indicators take into account the power
losses on the damping resistors and the extent to which the
harmonics to be compensated are influenced by the cou-
pling filter.

The design algorithm is applied to the coupling filter
used in an active DC-traction substation with 12-pulse
parallel diode rectifier. Simulation results validate the
theoretical achievements.

The proposed design algorithm for the coupling LCL
filter can be also used in other active filtering applications,
specifying that the load particularities (mainly through the
values of fy and f;,) may lead to performances different
from those outlined in this paper.
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