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Abstract. The values of harmonic voltages at network
nodes should meet the standard limits. Harmonic voltages can
be decreased to admissible values on a centralized basis. The
paper addresses the problem of centralized decrease of
harmonic voltages in the high voltage networks with distributed
nonlinear loads using third-order passive filters. Mathematical
expressions to determine parameters of the third-order passive
filter are given. The parameters of the selected filters for 220
kV network supplying traction substations with power and also
the estimates of the efficiency of work of these filters for
different network configurations are presented as an example.
The efficiency of the C-type and third-order filters are
compared.
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1. Introduction

The problem of harmonic voltage normalization on a

centralized basis is considered in [1-3] where the authors
suggest applying first-order passive filters for centralized
decrease of harmonic voltages in the 12-23 kV

distribution networks with a large number of nonlinear

loads of small capacity. These filters are widely used.
Their parameters are easily calculated.

The present paper addresses the problem of centralized
harmonic voltage decrease in the 220 kV network. This
network supplies electricity to the traction loads from the
27.5 kV winding of 40 MVA three-phase three-winding
transformers. The traction substations are located at a
distance of 40-60 km from one another. Therefore
nonlinear loads are numerous and distributed along
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hundreds of kilometers of 220 kV supply network. This

problem has already been considered in [4] where the
author shows the possibility to use C-type filters for

centralized normalization of harmonic voltages in the

network with distributed nonlinear load.

This paper also considers the possibility to use a third-
order filter for this purpose. The authors in [5] point out
that the C-type filter is more sensitive to changes in
frequency and variations in parameters of elements, than
the third-order filter. It is also noted in [5] that both
filters have a great advantage — low losses at the
fundamental frequency. Calculation of the third-order
filter parameters poses difficulty. In [6] expressions for
calculation of the filter parameters are derived for the
condition of equal capacitance of two capacitors used in
the filters, i.e.C; =C,. In [5] the authors indicate that
in the third-order filter there should be a relation
C,>>C,. In this paper the expressions for calculation

of the filter parameters ifC; # C, are obtained and

possible relations betwee@, and C, are studied. The

possibility of using the third-order filter to normalize
harmonic voltages on a centralized basis is shown and its
comparison with the C-type filter is made.

2. Determination of filter parameters

The scheme of the third-order filter is given in Fidtis
necessary to determine the param Xqq, Xco, R,

X at the fundamental frequency. The value Rfis

assumed to be invariable with change in the frequency.
Resistance of reactor is not taken into account.

Reactanci X is calculated by the set values of reactive
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power Qq; and voltage U at the fundamental
frequency as

Xe1=30%1Qcs.

Fig. 1. Schematic diagram of thieird-order filter.

The remaining filter
following conditions:

1) resistance of filter at the-th harmonic equal: Rg ,
2) reactance of filter at the-th harmonic equals zero,
3) Xc2 =mXcy,
wherem - a coefficient taking into account relations
between X1 and X 5.

parameters should meet the

To reduce harmonic voltages at the network nodes to the
(0.5-0.75) of theK )y Values at the tuned harmonic the

filter should have a certain value of resist: Rg:

Kugn is @ norm for the indeX ) [7]. The value of

R: is calculated by the expression given in [4]

K
RF _ U(n)F

(KU(n) - KU(n)F )\/gn52+bn52
rie Ky, Kymye - values of indices at the node

(1)

without the filter and with it,
Onss bhs - conductance and susceptance of network at
the filter connection node.

Impedance of the third-order filter at theth harmonic
can be written as

o\ = X n(R=1Xc2n) - i Xern-
R+ j(XLn - XCZn)
Transforn Z,,, by separating real and imaginary parts
RX 2,
R? + X{con

Z,= +

+ RZXLcln ~XinXenXicon xClnXECZrl
R? + X{con

where X cin = Xin = Xcns

)
®)

Xican = Xin = Xeon -

According to conditions 1) and 2) imaginary ¢ Z,, at
the n-th harmonic is equal to zero, real -Rg . After

the transformations real and imaginary ¢ Z, can be
represented as a system of two equations
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RX{, —R¢R? = R¢ X{can =0,

2 2 -
R*X c1n = Xt XemXLcan = XemXican =0.
Having solved the system of equations, considering
that Xc, = mX 4, we obtain the expressions fof |

and R
X =(-B+/B%-4AC)I(2A), (4)
R=Re (Xn =MXcn)/ Xicin (5)
where A=-Xc1,@+m), (6)
B =RE + X8y, (1+2m), ()
C = —REMXgyp (L+ X&1p) (®)

The value olm is unknown in the obtained expressions.
In order to determine the admissible value m fwe use

the conditions thatC; >>C, and the expression under
the root sign in (4) should be positive, i.e.

B2-4AC >0.
Solving the inequality we obtain the value m lying in
the interval

RZn?+ X2,

1<m<

9)
Expression (9) shows that the relation betw X ~; and
Xc» is determined by the value X7 and R at the

harmonic for which the filter is chosen. Thus, the
parameters of the third-order filter on the basis of (2),
(4)-(9) can be calculated by the expressions:

Xep =+/30%/Qc, (10)
Xco =MXcy, (11)
X, =(-B++/B%-4AC)/(2An), (12)
R=Re (X, n? =mXcy) /(X n? = Xcyp). (13)

Below the obtained expressions are used to choose the
filters for the 220 kV network which supplies power to
the traction load.

3. Example of filter selection

A. Characteristics of harmonic distortionsin the
considered network

The 220 kV network is 900 km long. It supplies power to
23 traction substations. A more detailed description of

the network is given in [4]. The indicelﬁu(n) (then-th

harmonic factor) andK, (the total harmonic distortion)

were measured at seven nodes of the network. The
measurement results are presented in Table 1. The same

Table shows normally admissible values & and
Ky determined in [7]. The measured values of

Kuymand Ky that exceed the normally admissible

values are given in bold type. The admissible values of
Ku(n) and Ky are exceeded at four substations.
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TABLE 1. - MeasuredKy ) and Ky

Substation Ky Kug |Kup | Kug
) | (%) (%) (%)
S1 1.99 0.76 1.34 0.92
S2 1.92 0.84 1.13 0.81
S3 1.91 0.89 1.02 0.70
S6 2.54 1.00 2.32 0.76
S12 2.01 1.71 1.22 0.69
S13 2.86 2.00 2.07 0.82
S14 3.09 2.06 2.27 0.96
Norms 2.0 1.5 1.5 1.0

The values ofKy ,y and K, at the other nodes of the

network were calculated by the software HARMONICS
and are presented in Fig.2. The admissible values of

Ku(g are exceeded at eight nodely, ;) - at twelve,

Ky - at four, Ky - at twelve nodes and should be
reduced with the help of filters.

Ku, Ku(n) (%)

Substation

Ku —=— Ku(3) —— Ku(5) —*— Ku(7)

Fig. 2. Ky ny and Ky at the connection nodes of
substations.

Generally, the filters are chosen first for the lowest
harmonic. In the given case this is 3rd harmonic. For the
next harmonics the filters are chosen on the basis of those
previously chosen. Below the choice of the filter for 5th
harmonic is presented as an example.

B. Choice of node for installation of filters

Normal operating conditions were assumed as calculated
conditions to choose filters for the considered network.

The measurements dKy i, and K, were carried out

for these conditions. The first task when choosing filters
is to identify the node for their installation. The choice
of node intended for filter installation is made with the
help of a “test filter” [4]. In Fig.3 the name of each cirve
indicates the node for installation of the “test filter” and
the curves show the impact of filter on the value of

Ku(5)- For example the filter placed at node S11 can

increase the values &€, as compared to the network
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operation without the filter. The most suitable node for
the 5th harmonic filter is node S17. The filter decreases

the value of Ku(5) practically at all nodes of the

network. The curve ofKU(S) changes along the entire

trajectory of nodes without dramatic changes in the value
of Ky - For the 3rd and 7th harmonics node S17 has

also turned out to be the most suitable.

45

Ku() (%)

Substation
—O—without F——S11 —/—S12 —0—S13
—e—Sl14 —A—S15 —1—S16 —e—S17
—e—S18 —0—S19 —A—S20

Fig.3. Ky (5 @t nodes of the network with test filter.

C. Determination of parametersof the harmonic filters

The filter parameters of 5th harmonic will be selected so
that the values c KU(5)F at the network nodes are 0.7-

1.2 % and the value of the reactive power of the
fundamental harmonic is 4-6 Mvar. The choice should be
made of such filter parameters that the power losses in
the filter were the lowest. The below calculations on the
selection of filter parameters were performed by the
software HARMONICS.

1) Calculation of thefilter resistance R- . The
values of the filter resistancRg for the desired values
of Ky GF were calculated by expression (1). Fig. 4
presents curves of the resista Rr , and also the power
lossesPg for 5th harmonic in the filter at the calculated

values o Rg .

609 180

50 150 —~
5
= 40 120 O
H‘)/ [T
T 30 9 =

20 ) L) L) L) L) L) L) L) L) L) ) 60

07 08 09 1 1.1 12
Ku(s) (%)
—= p(5)—8—RF

Fig. 4. Re and P5) with change o Ky 5)F -
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As a result of analysis it was assumed to calculate the The curves in Fig. 5 show that for the harmonics below
filter parameters fo K, (5)F =0.7%, which is achieved at the 5th_one the filter reactance is capacitive. Eor the
harmonics above the 5th one fim <9.3 the filter
Rg =69.2 Ohm and the power losses of 34.3 kW. The  (aactance is also capacitive for some harmonics, which
value of Qg does not affe!Rg . For the 5th harmonic can create resonance circuits with the network. The input
filter resistance of the harmonics below the 5th one is
low. For the harmonics above the 5th one the resistances
for some m have high values, which can cause large

filter it was assumed th Qz;=3 Mvar.

2)  Calculation of the parameter m . The range of power losses in the filter, if there are currents of these
values of the parametem was calculated by relation harmonics in the network. Analysis of the curves shows
(9). Table 2 presents the minimum and maximum values  thatm equal to 20.99 is the most suitable for selecting the
of m for Ky )r over the range 0.7-1.2 % aiQg; filter. The parameters corresponding to this valum f

over the range 4-6 Mvar. FcR:=69.2 Ohm and were selected for the 5th harmonic filter.
= . F - .

Qc1=3 Mvar the values cm must be in the range
2.3:m <20.99.
TABLE 2. — Valuesm
=
=
Ku ) Qc1 (Mvar) e
(%) 3 4 5 6 &
0.7 2.33 1.75 14 1.17
20.99| 15.75| 12.65 10.51
0.8 1.87 1.40 1.12 0.94 -
16.85| 12.64| 10.12 8.44 1 3 5 7 9 11 13 15 17 19 21 23 25
0.9 1.54 1.16 0.93 0.7_ Harmomc number
13.89| 10.43| 8.35 6.97
1.0 1.30 0.97 0.78] 0.65 —¢—23 847 A7 —¢—-03 —X—117
11.68| 8.77 7.03 5.87 —0—14 —@—16.3—4—18.7—=2—21
11 1.11 0.83 0.67 0.56
9.96 7.48 6.00 5.01 Fig. 6. Input filters resistance for different value m¢
1.2 0.95 0.72 0.57 0.48
8.58 6.45 5.17| 4.32 The filter parametrs of the 3rd and 7th harmonics were
determined in a similar way. The filter parameters are
3) Calculation of the filter parameters. The filter presented in Table 3.
parameters were calculated by applying 10 value m f
with a step olAm=2.33. The parameters and the input TABLE 3. - Parameters of filters
resistance and reactance of the filter for harmonics from i
1 to 25 that are presented in Figs. 5 and 6 were calculated Parameter Harmonic
for these values based on expressions (10)—(13). 3 > ’
QCl(Mvar) 4, 3. 3.
Xcp(Ohm) | 121000 | 161333) 161333
Xco(Ohm) | 191180.7| 338639.1  111166.
XL (Ohm) 1287.0 624.3 299.3
z R (Ohm) 39940.7 | 424469 9954.0
=
o
X
w The curves oKy, Ky . Ky at the network nodes
with filters are shown in Fig. 7. At all the network nodes
the filters decrease the values of indices to the desired
values.
13579 11. 1315 1719 21 23 2 D. Efficiency estimation of the filters
Harmonic number
—¢—23 W47 &7 —¢—93 —x—117 The efficiency of filter operation was tested in 18
—0—14 @ 1638187 A 21 operating conditions of the supply main. The desired
values of KU(7) were exceeded only in one operating
Fig. 5. Input filters reactance for different value m f condition at two nodes for 7th harmonic.
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Ku, Ku(n) (%)

Substation
Ku —— Ku(3) —A— Ku(5) —&— Ku(7)

Fig.7. Ky n KU(n) at the network nodes with filters.

Besides, the impact of the selected filters on operating
conditions of harmonics 11, 13, 17, 19, 23 and 25 was
analyzed at all the nodes. Fig. 8 shows the curves of

Kuap and Kyay without filters and with them. It is

seen from the Figure that the impact of filters for
harmonics 3, 5 and 7 on voltages of harmonics 11 and 13
at all the network nodes is negligible. There is practically
no impact of filters for the remaining harmonics.

Ku(n) (%)

Substation

—— Ku(11) —a— Ku(11)-f3 —— Ku(13) — A Ku(13)-f3

Fig.8. KU(n) at the network nodes without filters and with
filters.

4. Comparative estimation of the efficiency
of the third-order and C-type filters at
centralized normalization of harmonic
voltages

In [4] the centralized normalization of the voltages of
harmonics 3, 5 and 7 for the considered network was
performed by using the C-type filters. Fig. 9 presents the

curves oKy, Ky, Ky at the network nodes with
the third-order and C-type filters. The values of indices

at the network nodes with both types of filters differ very
slightly.
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Ku, Ku(n) (¢

Substation

—l— Ku(3)-f3 ——Ku(5)-f3 —l— K u(7)-f3
—&—Ku(3)-fc —a—Ku(5)-fc —&—Ku(7)-fc

Fig.9. KU(n) with the third-order and C-type filters.

5. Conclusions

1. The possibility of using the third-order filters for
centralized normalization of harmonic voltages is shown.
2. The mathematical expressions for calculation of the
third-order filter parameters are derived.

3. The third-order filters for harmonics 3, 5 and 7 for the
220 kV network are selected that decrease harmonic
voltages in the network about 900 km long on a
centralized basis.

4. Comparative estimation of the efficiency of decreasing
voltages of harmonics 3, 5 and 7 is made by the third-
order and C-type filters. It has been revealed that they
reduce harmonic voltages virtually equally.
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