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A New Method for the C-Type Passive Filter Design

Abstract. The paper presents the new C-type high harmonic power filter design process whose aim is the reduction of total harmonic distortion in an
industrial power supply system. A new method for C-type filter design is proposed and an example of the method application to an industrial plant is
provided. The basis for the new algorithm is assuming, at the design phase, the required distribution of the harmonic current between the filter to be
tuned to that harmonic and the supply network. This method takes into consideration the network equivalent impedance.

Streszczenie. Niniejszy artykut przedstawia projektowanie energetycznego filtru typu C wyzszych harmonicznych, ktérego zadaniem jest
zZmniejszenie wspofczynnika zawartoéci harmonicznych w przemystowym systemie zasilania. Zaproponowano nowg metode projektowania C-filtru
oraz przedstawiono przyktad zastosowania tej metody projektowania w praktyce dla zaktadu przemystowego. (Nowa metoda projektowania filtru

typu C).

Keywords: passive filter, compensation, power system harmonics, C-type filter.
Stowa kluczowe: filtry pasywne, kompensacja mocy biernej, harmoniczne, filtr typu C.

Introduction

An ever-increasing number of large-power nonlinear
loads, installed in industry is the reason that passive
harmonic filters are still the most common way to reduce
voltage distortion at their points of connection. Many
passive LC filter systems, of various structures and different
operating characteristics have been developed [1] — [4].
Nevertheless, the single-tuned single branch filter still is the
dominant solution for industrial applications, and it certainly
is the basis for understanding more advanced filtering
structures, such as the C-type filter.

An alternative solution can be active filters or hybrid
filters that combine these structures [5] — [7]. Both the
design and control of such systems can be a task
employing artificial intelligence methods, e.g. neural
networks or genetic algorithms [8] — [10].

The principal disadvantage of the majority of currently
used filter-compensating device structures is poor filtering
of high frequencies. In order to eliminate these
disadvantages are usually used broadband (damped) filters
of the first, second or third order; the C-type filter is included
in the category of broadband filters. Broadband filters have
additional advantage, substantial for their co-operation with
power electronic converters: they damp commutation
notches more effectively than single branch filters - they
have a much broader bandwidth. They also more effectively
eliminate interharmonic components (in sidebands adjacent
to characteristic harmonics) generated by static frequency
converters.

That filter, as compared to single branch filters, also
ensures reduction of active power losses because the

L,C, branch (Fig. 1) is tuned to the fundamental harmonic

frequency. The fundamental harmonic current is not
passing through the resistor Ry, avoiding therefore large
power losses.

The method for determining C-type filter parameters is
described in [11]. Complex passive filters are more and
more often designed using artificial intelligence methods,
like genetic algorithms [12] — [13] that can also be effective
in solving other problems [14] — [20].

Determination of the C-Type Filter Parameters

The paper describes a new method for determining the C-
type filter parameters. Designing of filters for large power
systems is a complex task: aside of determining the filter
parameters to meet the design requirements, the filter shall
be checked for possible resonance occurrences due to
interaction with other passive components in the power
system [21] — [22].
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The filter parameters can be determined from relations
given in [11]. This paper proposes a new, and simpler,
method for determining the filter parameters. The method
consists in assuming, at the design phase, the desired
distribution of the harmonic current between the filter tuned
to that harmonic and the supply network. This method
requires taking into consideration the network equivalent
impedance.

The C-type filter diagram is shown in Fig. 1.
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Fig. 1. The C-type filter circuit

The filter impedance is given by:
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The filter reactive power (Qf) for the fundamental harmonic
is given by the relation:
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Distribution of the load-generated harmonic current
between the filter tuned to that harmonic and the system is:
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Summarizing, the C-type filter parameters can be
determined from formulas (6), (4), (2) and (8).

An Example of the C-Type Filter Design

In result of the arc furnace modernization (fig. 2.) its
power and, consequently, the level of load-generated
harmonics have increased. It was, therefore, decided to
expand the existing reactive power compensation and
harmonic mitigation system. Considering the system
expansion the designed C-type filter should be tuned to the
2nd harmonic due to the fact that this harmonic, though
present in the system, it is not reduced whereas the 3rd
harmonic filters are already installed. Although currently the
2nd harmonic level in the existing system does not exceed
the limit, connection of new loads may increase the 2nd
harmonic to an unacceptable level.

S.= 1500 MVA 110KV
T
S=75MVA S=75MVA
110/30kV 110/30kV
30 KV
—————
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I |
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Fig. 2. Diagram of the modernized arc furnace power supply
system

Prior to the modernization the system comprised two
parallel, single-tuned 3rd harmonic filters that were the
cause of a slight increase in the voltage 2nd harmonic.

The increase in the arc furnace power entails an increase in
the passive filters' powers. The planned extension of the
system should also be taken into account. The increased
power of the compensation circuit, as well as installation of
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further filters, will increase the voltage 2nd harmonic level
that will adversely affect the power system (table 1). Hence,
it was decided to design an additional 2nd harmonic filter.

Table 1. Voltage harmonics (at the 30kV side) without filters and
with two 3rd harmonic filters

Order Busbars voltage Busbars voltage
voltage ; . : harmonics with two 3rd
; harmonics without filters Lo
harmonic harmonic filters
2. 1.76 2.47
3. 3.01 0,27
4. 1.66 0.95
5. 2.88 1.87
6. 1.12 0.78
7 1.75 1.24
8. 1.00 0.72
9. 1.12 0.81
THD 5.87 4.07

*Total harmonic voltage distortion factor THD, determined from
components up to 15th order.

For the arc furnace power supply system (Fig. 2) and the
design requirements:

Network 3rd harmonic filters C-type filter
U=30kV G 2 var Q- = 20 Mvar
S, = 1500 MVA SC = 63 uF n=1.9
Ls=3.129 mH R 3_‘300?“9 gr2 = 10
= 3 = oU. =
Rs = 30.0 mQ < 2.95 k=1

the C-type filter parameters determined from (2), (4), (6)
and (8) are: Cy = 70.736uF, C; = 198.24uF, L, = 51.11mH,
Ry=276.86 Q.

Figure 3a shows frequency-impedance characteristics
of: the power network, the resultant impedance of two
single-tuned 3rd harmonic filters, and the C-type filter
impedance. Figure 3b shows frequency-impedance
characteristics of: the network, the resultant impedance of
the network and two 3rd harmonic filters, and the resultant
impedance of the network, two 3rd harmonic filters and the
C-type filter.

Data listed in table 2 demonstrate that connecting the C-
type filter results in the expected reduction of the 2nd
voltage harmonic in the supply system, whereas other
harmonics are reduced to a small extent. Further reduction
of the second harmonic can be achieved by improving the
C-type filter quality factor and, consequently, reduction of
the filter impedance for the filter resonant frequency and
increasing the impedance for higher harmonics.

Table 2. Voltage harmonics without filters, with two 3rd harmonic
filters, and with two 3rd harmonic filters and the C-type filter

Order Busbars Busbars voltage Busbars voltage
voltage voltage harmonics with harmonics with two
harmonic| harmonics two 3rd 3rd harmonic filters
without harmonic filters and the C-type filter
filters

2. 1.76 2.47 1.32

3. 3.01 0,27 0.27

4. 1.66 0.95 0.91

5. 2.88 1.87 1.78

6. 1.12 0.78 0.74

7 1.75 1.24 1.18

8. 1.00 0.72 0.69

9. 1.12 0.81 0.78

THDy* 5.87 4.07 3.37

*Total harmonic voltage distortion factor THD, determined from
components up to 15th order.
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Fig. 3. Frequency-impedance characteristics of: a) the power
network equivalent impedance (Zs), the resultant impedance of two
3rd harmonic filters (Zxxan), the C-type filter impedance (Zcjirer), the
resultant impedance of two 3rd harmonic filters and the C-type filter
(Z¢); b) the impedance seen from the load terminals: without filters
(Zs), the network equivalent impedance and two 3rd harmonic
filters impedance connected in parallel (Zs||Zxan), and parallel
connection of the network equivalent impedance, two 3rd harmonic
filters and the C-type filter impedances (Zs||Zaxan||Zcriter)-

Figure 4a shows the C-type filter frequency
characteristics for different quality factors, figure 4b
illustrates the relation between the resistance Rr and the
coefficient k that indicates the distribution of the current
harmonic to which the filter is tuned.

Table 3. The percentage distribution of the harmonic current
between the filter tuned to that harmonic and the supply network;

k=0.33
1000 R=840
\ k=1
R=276.86
500
\\O\
1
0 ‘
0 02 04 06 08 1 12 14 16

Fig. 4. a) The C-type filter frequency characteristics for various
quality factors, b) the resistance Ry vs. the coefficient k

Implementation and Measurements

In order to verify the effectiveness of the proposed method
has been designed a C-type filter for an electric arc furnace
power supply system (Fig, 2).

The designed C-type filter was installed in the arc furnace
supply system. The capacitance Ci is composed of 60
capacitors (20 per phase) with capacitance 14.15uF each,
which gives total capacitance C;=70.75uF. The
capacitance C; is composed of 24 capacitors (8 per phase)
with capacitances 24.6uF each, which gives total
capacitance C;=196.8uF. The reactor L, parameters
should be recalculated because of alteration of the
capacitance C, due to the installation modifications
(L=51.48mH). The resistor resistance is Rr
=300Q + 10%. The diagram of the actual single-phase

the corresponding Rt values and the designed filter quality factor
I [%] Is K Rr
[%] [©)]
38.5 | 615 1.60 172
444 | 55.6 1.25 221
50.0 | 50.0 1.00 276.86
51.9 | 481 0.93 300
571 | 429 0.75 350
66.6 | 33.3 0.50 555
75.0 | 25.0 0.33 840
83.3 | 16.7 0.25 1111
91.0 9.0 0.10 2778

filter circuit is depicted in Fig. 5.

51.48mH

3000
8 x 24.6,F L7
T

Data in table 3 shows the percentage distribution of the
harmonic current between the filter tuned to that harmonic
and the supply network. The values of the factor k
corresponding to the Ry values are also provided in the
table.
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Fig. 5. Diagram of the actual C-type filter circuit
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Measurements in the power system, configured
according to the above specification, were carried out in
order to check the correctness of the system operation. The
instruments locations were: P1 — arc furnace, P, — C-type
filter, P3 — first filter of 3rd harmonic, P4, — second filter of 3rd
harmonic, and Ps — at the 110kV side. Essential results of
measurements are tabulated in Table 4.
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Fig. 9 Total harmonic voltage distortion factor THDy at the 30kV
and 110kV side

Figures 6 — 9 illustrate voltage and current waveforms
recorded at the 110kV side (Fig. 6), the arc furnace supply
voltage (Fig.7), the arc furnace and the C-type filter
currents (Fig. 8) and total harmonic voltage distortion factor
THDy at both: the 30kV and 110kV side (Fig. 9 ).

LERE]

1 A AR

Fig. 10. Total harmonic current distortion factor THD, at the 110kV
side

Fig. 11. Total harmonic distortion factor THD, of the furnace and C-
type filter currents

Figures 10 — 11 illustrate time plots of total harmonic
current distortion factor THD, at the 110kV side (Fig. 10)
and harmonic distortion of the furnace and C-type filter
currents (Fig. 11). Figure 12 shows the power system
operating voltage spectrum (110kV and 30kV), figure 13
shows the 110kV side current spectrum and figure 14
shows spectra of the arc furnace current and the C-type
filter current.

;;;;;;;;;;;;;;

Fig. 12. Spectrum of the 110kV and 30kV side voItages

Table 4. The Measurement Results Obtained over a Period of 7 Days
Ps P4
Measurement point Furr;;ce FurFr:;ce FiItF:ezr c | Srdham. | 3rd harm. 11F(>)iv 11%?<v
filter filter
Furnace and filters in operation No Yes No
Urws [kV] 18.29 17.59 65.04 66.58
Irus [A] - 2383 391 398 385 602 86.5
P [MW] - 93.75 0.083 0.234 0.198 105 12.14
Q [MVAr] - 71.19 19.55 19.84 19.68 28.2 6.52
S [MVA] - 125.7 20.65 21.0 20.34 117.5 17.25
PF - 0.744 0.0043 0.011 0.001 0.89 0.57
THDy [%] 1.56 245 1.92 1.58
THD, [%] - 6.44 8.04 12.04 10.62 4.64 6.61
li)rms [A] - 2357 387 376 373 594 85.46
Urus [KV] 18.29 17.57 65.0 66.57
Urus [%] 0.06 0.73 0.42 0.07
Ug)rus [%] 0.57 0.61 0.43 0.43
Uurus [%] 0.04 0.34 0.19 0.04
U s)rus [%] 1.15 1.51 1.22 1.25
l2)rus [A] - 58.7 32 10.8 9.8 15 2.21
larus [Al - 97.3 3.5 44.3 38.8 9 4.8
larus [Al - 23.1 1.5 5.1 4.5 3.7 0.6
Iis)rus [Al - 71.2 3.7 11.9 11.2 12.5 3.5
Pst [%] 1 16.66 9.17 1.02
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Fig. 13. The 110kV side current spectrum
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Fig. 14. Spectra of the arc furnace current and the C-type filter
current

Conclusions

The measurements demonstrate that the C-type filter
performance has met the requirements, i.e. it attains the
expected reduction of reactive power, ensures the second
harmonic reduction in the power system and harmonic
distortion THDy reduction by means of high harmonics
mitigation. The measurements verified the proposed
method and the C-type filter designed using this method
operates according to the requirements. Figure 12 shows
the power system operating voltage spectrum (110kV and
30kV), figure 13 shows the 110kV side current spectrum
and figure 14 shows spectra of the arc furnace current and
the C-type filter current.

Seemingly, the most advantageous solution is to increase
the filter resistance Rr in order to ensure the largest
possible part of the eliminated harmonic current flow
through the filter instead of the supply network. But the
increase in the resistance will reduce high harmonic
currents through the filter. Thus a compromise between the
filter ability to take over the harmonic the filter is tuned to,
and its capability to mitigate other harmonics should found.
Increasing the Ry resistance makes the C-type filter
frequency characteristic similar to that of a single-branch
filter.
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