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Different approaches for designing the passive power filters

Streszczenie. Celem artykutu jest prezentacja analizy poréwnawczej réznych metod projektowania pasywnych filtréow LC. Rozwazono sze$c
powszechnie stosowanych metod wyznaczania parametrow technicznych ukfadu filtracyjnego. Podstawg oceny réznych metod sg badania
symulacyjne. Ré6zne metody projektowania energetycznych filtréw pasywnych. Ré6zne metody projektowania pasywnych filtréow LC

Abstract. Paper aims to present the comparison of different computation methods of passive LC filters. Six methods commonly used to design the
filters group parameters will be considered. Basis for evaluating the various methods are simulation studies.
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Introduction

In recent years the increase of power electronic devices
has become a serious problem for the electrical grid
because of the production of harmonic disturbances. The
harmonics generate by the nonlinear loads can inter alia
cause the overloading, overheating and malfunction or even
damage of electrical grid elements and the loads connected
to the supply system. To maintain the equilibrium of the
grid, many devices for harmonic disturbances mitigation
e.g. passive filters are applied.

The single-tuned filter is one of the most popular
passive filter used to compensate the reactive power (for
basic harmonic) and to reduce the current harmonics
flowing through the supply network. To prevent more than
one harmonic from entering the electrical grid, the group of
single-tuned filters is needed.

The goal of this paper is to compare different design
methods of LC parameter calculation of the filters group.
The comparison is mainly focused on filter power losses
and the reduction of voltage and current distortion. The set
of criteria for the comparison does not include the
production and operation cost of the filters.

The simulation studies presented in the article have
been done in the environment of MATLAB/SIMULINK.
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Fig. 1. Simulated power system

Simulated power system

The LC filters are mainly used in three-phase electrical
grid, for high power loads, both symmetrical; this allows to
limit the analysis to one phase electrical system.

Description of the system

It consists of one-phase electrical power source with
internal impedance (Rs, Ls) feeding not-controlled rectifier
bridge with RC load at its DC side and input reactor (L) at
AC side (Fig. 1). The passive filters group is constituted of
two parallel connected single-branch filters. Each filter in
the group is the series connection of resistance, reactor and
capacitor. The rest of symbols used in the paper are
explained in the Fig. 1.
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Simulation assumptions

The filters are respectively tuned to the frequencies
lower than the frequencies of the 3™ and 5™ harmonic (2.9"
and 4.85"‘). The analysis is more focus on the filtration of 3™
and 5™ harmonic which are the lowest generated current
harmonic by the load.

Table 1. Methods of parameters computation

Method A - equal h=2
reactive power for each Qr
filter Q=Q =5
Qr =Q +Q,

Method B - the
'relactive power of fi'Iters & _ ni 530, =50
is inversely proportional Q n ! 2

to the harmonic order 3
Q, = 59
Method C - the Q )
i i 1 2
reactl\{e power of filters =L -2 59Q =25Q,
is inversely Q  n
proportional to the 25
square of harmonic Q = 7 Qe
order

Method D - the
reactive power of filters
is calculated on the !
base of the shaping the N
filter impedance . N, J
frequency characteristic o7 =
[12] I, 3

Harmonic order

ZelQl

{1 I The chosen parallel
) || resonance frequency
-

Method E - the
reactive power of filters

Lo, Y [ 1
L = +
1727 Qe | (1-32) (1-52
is calculated on the
E

base of the assumption Q

that the filter reactors Q= (1 32 1 1
; ; ; - +
in group are identical 11732 , 11752 )
Method F _ Yagypeiore _ Zs(3)
(optimization) - the % Up(3)after Zy(3)
reactive power of filters
is calculated on the 4 = Ua(s)before — Zs(s)
base of research the 2 Ups)after Zy(s)

minimum of the
function y

y=1-(-¢)1-4,)

The resistances R and R; in the filters group branches
represent the equivalent parameters of air core reactors,
whose inductances are respectively Ly, and L. The
equivalent resistances are computed by considering the
same value of quality factor (g = 85) for each reactor. The
resistances of the capacitors Cy and C; are neglected. The
reactive power (basic harmonic) of the filter group, adopted
arbitrarily (Qr = -500 Var capacitive) is the same for each
method of parameters computation.
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Table 2. Parameters of filter number 1

Qr =- 500 [Var]
Methods =29
Cy[uF] | Ly [mH] R [Q] Z3[Q] | Qq[Var]
Method A | 13.254 | 90.9 0.3360 | 5.6261 | -250
Method B | 16.589 | 72.6 0.2684 | 4.4950 | -312.90
Method C | 19,527 | 61.7 0.2280 | 3.8188 | -368.31
Method D | 18.620 | 64.7 0.2391 | 4.0049 | -351.2
Method E | 19.946 | 60.4 0.2232 | 3.7385 | -376.22
Method F | 16.053 | 75.0 0.2774 | 4.6451 | -302.79
Table 3. Parameters of filter number 2
Q= - 500 [Var]
Methods n,=4.85
CiluF] | L[mH] | R[Q] | Z [Q] Q[Var]
Method A | 14.403 | 29.9 0.1105 | 2.7784 -250
Method B | 10.779 | 40.00 0.1477 | 3.7126 -187.09
Method C | 7586 | 56.8 0.2098 | 5.2748 -131.68
Method D | 85731 | 50.2 0.1857 | 4.6680 -148.80
Method E | 7.1314 | 60.4 0.2232 | 5.6117 -123.77
Method F | 11.362 | 37.9 0.1401 | 3.5222 -197.20

Computation methods of filters group parameters
Design methods description

Table 1 presents six methods used to compute the
parameters of the filters group; h is the number of filters, n -
filtered harmonic order, Zr - total impedance of filter group,
wp - the chosen system parallel resonance frequency
(Method D), ¢1, ¢2 - optimization coefficients, Ua(3), Ua(s%
U@y, Upis) - are respectively voltages of 3r and 5
harmonics before and after the filters group connectlon
Zs@3), Zs(s) - are respectively the impedances of 3 and 5"
harmonic of filters group, Zya), Zxs) - are respectively the
equwalent impedances (filters group & electrical grid) of 3™
and 5™ harmonic.

The parameters of the filters group, calculated in
accordance with the principle of methods A-F are presented
in the Table 2 and 3. The resistance of each single branch
filter is computed by (1).

(1) R,

w@) - angular frequency of the fundamental harmonic.
Although the quality factor is the same for each filter in the
group, the impedances of the 3" and 5" harmonic are
different for each method In Table Il, method E presents
the lowest value of 3™ harmonic impedance and in Table 3,
method A presents the lowest value 5" harmonic
impedance.

The comparison criterias

The comparison criteria of the computation methods of
the filters group is based on the frequency impedance
characteristics of the filter groups and power system, the
amplitude of grid voltage and current harmonics and filter
power losses (Table 15).

Simulation results

Figure 2 presents the impedance frequency
characteristics of filter groups whose parameters have been
computed by the six methods.

It can be observed that method A presents the higher
value of impedance for 3" harmonic and the lowest value of
impedance for 5 harmonlc (Fig. 2). The 3™ harmonic is
better filtered than the 5™ harmonic using method E and the
5™ harmonic is better filtered than the 3™ harmonic usmg
method A. Focusing the comparison only on the 3“and 5
harmonic, it is difficult to choose which method of
parameters computation is the best.
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Fig. 2. Filter frequency impedance characteristics for each method

ConS|der|ng the filtration of the components with order
higher than 5", method A is the best because it can more
effectively reduce the harmonics in a wide frequency range
compering with others methods. According to this concept,
after method A comes method F, then methods B and D, at
the end methods C and E.

Figure 3 presents the filter frequency impedance for
each method on the complex plan. The contact point of the
characteristics with the zero axis represents the detuned
frequencies.

The amplitude of the fundamental harmonic of grid (Us)
and rectifier input voltage (U;)) have changed for each
method after the filters group connection (Table 4-6).
Methods A and B present the highest value of fundamental
harmonic amplitude (Fig. 4c).

Table 4. Parameters of grid voltage

US max [V]
Before the filter
group Method A Method B
n connection
Ampl. phase | Ampl. phase | Ampl. phase
1o 326.27 | 30.0 326.95 | 29.7 326.95 | 29.7
3¢ 0.47 124.0 | 0.43 126.6 | 0.41 127.5
50 0.63 0.1 0.45 5.1 0.48 4.0
7" 0.71 229.7 | 0.69 229.3 | 0.69 229.1
9" 0.71 95.8 0.69 94.8 0.70 94.6
1" 0.63 413 | 0.62 426 | 0.62 -42.8
THD [%] 0.53 0.50 0.50
Table 5. Parameters of grid voltage
US max [V]
Method C Method D
n
Amplitude | phase | Amplitude | phase
17 326.94 29.7 326.94 29.7
3¢ 0.40 128.1 | 0.40 127.9
50 0.51 2.9 0.50 3.3
7" 0.70 228.9 [ 0.69 229.0
9" 0.70 94.6 0.70 94.5
1" 0.62 430 [ 062 -42.9
THD [%] 0.51 0.51
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Table 6. Parameters of grid voltage

US max [V]
Method E Method F
n
Amplitude | phase | Amplitude | phase
1% 326.94 29.7 326.94 29.7
3¢ 0.40 128.2 | 0.41 127.3
5" 0.52 2.7 0.47 4.2
7" 0.70 228.9 | 0.69 229.1
9n 0.70 94.4 0.70 94.6
11" 0.62 -43.0 [ 062 -42.8
THD [%) 0.51 0.51
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Fig. 4. a) grid voltage; b) voltage at the input of rectifier; c) first
harmonic amplitude of grid and rectifier input voltage.
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Fig. 6. a) grid current; b) current at the input of rectifier

According to the grid voltage THD, method A and B are
the best because they have the lowest amplitude (Fig. 5c¢).
The THD of input rectifier voltage is almost the same for
each method apart of method E.

The filters group has improved the waveform of grid
current (Fig. 6a) reducing the amplitudes of 3 and 5"
harmonic (Table 9-11).The waveforms of grid voltage,
current and voltage at the input of rectifier are almost the
same for each method (Fig. 4ab and 6b). The amplitude of
harmonics of grid voltage and voltage at the input of rectifier
has decreased after the filters group connection (Fig. 5ab
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and 5c). Observing the grid current spectrum (Fig. 7b),
method A presents the higher value of 3" harmonic and the
lower value of 5 7”‘, and 9™ harmonic. The spectrum
harmonic of the current at the rectifier input is still almost
the same before and after the filters group connection and
for each method. It can be observed a little increase of the
7" and the 9™ harmonic after the filters group connection

because of the overcompensation (Fig. 7c¢).
Table 7. Reactive and active power of power system

Grid (PCC) Filter group
Before the filter Ps=102.6 [W] -
group connection Qs = 9.438[Var] -
Ps=103.7 [W] Pr=0533 [W]
Method A Qs = -495.8[Var] Qe= -505.2[Var]
Ps =103.7 [W] Pr = 0.600 [W]
Method B Qs = -495.8 [Var] Qr =-505.2 [Var]
Ps =103.8 [W] P = 0.660[W]
Method C Qs = -495.8 [Var] Qr =-505.2 [Var]
=103.7 [W] = 0.6418 [W]
Method D Qs = -495.7[Var] Q¢ = -505.2[Var]
Ps =103.8 [W] Pr = 0.6687 [W]
Method E Qs = -495.7[Var] Qr = -505.2[Var]
=105.7 [W] = 0.5897 [W]
Method F Qs = -495.7[Var] Qr = -505.1[Var]

Table 8. Reactive and active power of power system

Inductor (L) Input of rectifier
S oon | @ -otaver | f DM
Method A Q. = 0.063 [Var] g 2132-213[[\\//&]
Method C Q. =0.063 [Var] Q,; ;‘_Jé”éls[[\\’/vgr]
Method D Q. =0.063 [Var] ’3; ;")3351[\[/231
Method E Q. =0.063 [Var] '3, iy [[‘\//V;r]
Method F Q. =0.063 [Var] ’3 = ;(_’3?317 [[‘\’/Vgr]

A. The overcompensation of the power system

The reactive power measured at the input of rectifier is
small inductive because of the commutation and the input
reactor (Table 7 and 8). The reactive power used to
compute the parameters was capacitive and is larger in
comparison with the reactive power measured at the input
of rectifier. The excess of filter group reactive power
overcompensates the power system.

In practice, it exists the issue of the selection of filter
with minimum reactive power. That means the filter with
ability to eliminate harmonics and with minimal reactive
power that do not overcompensate the load. In this paper,
this issue is not taken into account.

The overcompensation has caused the increase of
amplitude of first harmonic of grid voltage and current and
voltage at the input of rectifier (Fig. 4c and 9a), the shift
between the characteristics before and after the filters
group connection (Fig. 4a,b, 6b). The reactive power at the
PCC has turned to capacitive.

Harmonic amplitude
The coefficient D, of grid current (Fig. 8a) and rectifier
input voltage was computed respectively by (2):

IS(n) b Urn)
s (MU =
(mls | r Ur(l)
S(1)
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Fig. 7. a) spectrum (p.u.) of rectifier input voltage; b) grid current; c)
current at the input of rectifier

Table 9. Parameters of grid current

IS max [A]
Before the
filters group Method A Method B
n connection
Ampl. phase | Ampl. phase | Ampl. phase
17 0.63 24.7 3.10 107.9 | 3.01 107.9
3¢ 0.60 2471 [ 0.54 249.7 [ 0.53 250.6
50 0.54 111.5 | 0.38 116.5 | 0.41 115.3
7" 0.45 247 | 043 -25.0 [ 0.44 -25.3
9" 0.35 198.0 [ 0.34 1971 | 0.35 196.9
1" 0.26 58.9 0.25 57.5 0.25 57.3
THD [%] 165.91 29.97 30.15
Table 10. Parameters of grid current
IS max [A]
Method C Method D
n
Amplitude | phase | Amplitude | phase
1% 3.10 107.9 [ 3.10 107.9
3¢ 0.51 251.2 | 0.52 251.0
50 0.44 114.2 | 0.43 114.6
7" 0.44 255 | 0.44 -25.4
gn 0.35 196.7 | 0.35 196.7
1" 0.25 57.1 0.25 57.2
THD [%) 30.38 30.27
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Table 11. Parameters of grid current

IS max [A]

Method E Method F
n

Amplitude | phase | Amplitude | phase
1% 3.10 107.9 [ 3.10 107.9
37 0.51 251.3 | 0.53 250.4
5" 0.44 114.1 | 0.40 115.5
7" 0.44 -255 | 0.43 -25.3
9" 0.35 196.7 | 0.35 196.9
11" 0.25 57.1 0.25 57.3
THD [%) 32.42 30.08
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Fig. 8. a) Harmonic of grid current (p.u.); b) THD of grid current and
current at the input of rectifier; c) filter current

In Fig. 7a and 8a, the coefficient D) of the voltage at
the input of rectifier, grid current measured after the filters
group connection (for each method) are higher than 100%
because of the overcompensation. The coefficient D) is the
lower for methods C and E and the higher for method A; the
coefficient D) is the lower for method A and the higher for
methods C and E.

Table 12. Parameters of filter current

Jr max [Al
Before the
filters group Method A Method B
n connection
Ampl. phase | Ampl. phase | Ampl. phase
1 0.63 24.7 3.09 119.7 | 3.09 119.7
3¢ 0.60 2471 | 0.07 405 | 0.09 47.2
50 0.54 111.5 0.17 -82.7 0.13 -83.9
7" 0.45 -24.7 0.02 139.5 0.02 139.3
9" 0.35 198.0 | 0.01 49 0.01 47
111 0.26 58.9 0.01 227.5 0.01 227.3
THD [%] 165.91 5.86 5.21
Table 13. Parameters of filter current
Irmax [A]
Method C Method D
" Amplitude | phase | Amplitude | phase
18 3.09 119.7 3.09 119.7
3¢ 0.10 417 0.10 41.6
5t 0.10 -85.0 | 0.12 -84.5
7" 0.02 139.1 0.02 139.1

g 0.01 45 0.01 46
11" 0.01 2271 | 0.01 227.2
THD [%] 475 4.94
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filters group effectiveness (K); c) spectrum of filter current

Table 14. Parameters of the current at the rectifier input

Jrmax [A]

Method E Method F
" Amplitude | phase | Amplitude | phase
1 3.09 119.7 | 3.09 119.7
3 0.10 41.8 0.08 41.1
5t 0.10 852 | 0.14 -85.6
7" 0.02 139.0 | 0.02 139.3
g" 0.01 45 0.01 4.7
11" 0.01 2271 | 0.01 227.3
THD [%)] 4.70 5.37

Method A presents the lowest value of THD of grid
current after come method F and D, then methods C and B
and at the end method E (Fig. 8b). The current at the input
of rectifier presents the lowest value of THD for the
methods E and C after comes method D, then methods B
and F and at the end method A.

The coefficient of effectiveness of filters group (K)
The coefficient of effectiveness is computed by (3).

@) K=
Ir(n)

0=l ¢ (n)<len)
At the input of rectifier, the current of n-th order

harmonic (li») is supposed to be constant after the filter

connection and the current of n-th order harmonic flowing
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through the filter (/) is supposed to change (increasing or
decreasing) depending to the filter resistance and the
application of the method of filter design. The single branch
filter is more effective when the coefficient (K) is close to
one and less effective when it is close zero.

In Fig. 9b, it can be observed that the filters groups
designed by method C, D and F are more effective for the
3" harmonic and less effective for the 5" harmonic. The
filters group using method A is more effective for the 5"
harmonic and less effective for the 3" harmonic.

The active power of the filters group is lower for method
A and the higher for methods C and E (Fig. 10a). At the
PCC, it is lower for methods A and B, and higher for method
F. Because of the low power losses, method A is the best.
Before the filter group connection, the phase shift between
the fundament harmonic of current and voltage at the PCC
was positive. After the filter group connection it has
changed to negative and its module has increased (Fig.
10b).

Methods A, B and C present the highest value of
reactive power at the PCC and methods A, B, C, D and E
present the highest value of reactive power at the filters
group (Fig. 11a). The overcompensation caused by the
filters group connection has increased the voltage of
capacitor at the DC side of rectifier (Fig. 11b).

The measurement of the power system impedance at
the input of rectifier is presented in Fig. 12. It can be
observed the series and parallel resonance around each
frequency to which the filters group is tuned. The series
resonance has occurred because of the filter group
connection and the parallel resonance because of the
parallel connection between the filter group capacitors and
the electrical grid reactor.

The series resonance has occurred for the frequencies
lower than the 150 Hz and 250 Hz because the filters was
designed to be tuned to 145 Hz and 242.5 Hz. In practice,
the parameters of passive filters are not computed (}/ the
exact frequency of harmonic to be eliminated (e.g. 3™) but
by the frequency of harmonic close and lower than
harmonic to be eliminated (2.9). Because the resonance
point moves with the filter aging and temperature [3].
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Fig. 10. a) active power measured at the PCC; input of rectifier and
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Fig. 12. Frequency impedance characteristics measured at
the input of rectifier bridge

The parallel resonance always occurred at the
frequency lower than the frequency to which the filter is
tuned (Fig. 12). The shift between the characteristics of
impedance before after the filter connection is due to the
overcompensation of the filter group (Fig. 12).

Conclusion

Table XV presents the comparison of all analysed
methods. The filters group was tuned to the frequenmes
lower than the frequencies of the 3 and 5" harmonic (2. 9"
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and 4.85”‘) but the analysis was focused on the filtration of
3" and 5" harmonic.

Method A is the best because it has the lower value of
filters group power losses, amplitude of 5" harmonic and
THD of grid voltage despite the fact that it presents the
lower filtration efficiency for the 3" harmonic.

Table 15. Comparison criteria of the filter group tuned to the
frequencies lower than the frequencies of the 3" and 5™ harmonic
(2.9 and 4.85"™)

Meth. | Meth. | Meth. | Meth. Meth. Meth.
A B ¢} D E F
UsaV] 0.43 0.41 0.40 0.40 0.40 0.41
Usis[V] 0.45 0.48 0.51 0.50 0.52 0.47
THDys[%] | 0.50 0.50 0.51 0.51 0.51 0.51
APe W] 0.533 | 0.600 | 0.660 | 0.6418 | 0.6687 | 0.5897
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