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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  
 

 
 
 
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. 21 CC = . In [5] the authors indicate that 

in the third-order filter there should be a relation 

21 CC >> .  In this paper the expressions for calculation 

of the filter parameters if 21 CC ≠   are obtained and 

possible relations between 1C  and 2C  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 Fig.1. It is 
necessary to determine the parameters1CX , 2CX ,  R , 

LX  at  the fundamental frequency. The value of R  is 

assumed to be invariable with change in the frequency. 
Resistance of reactor is not taken into account.  
Reactance 1CX  is calculated by the set values of reactive 
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power 1CQ  and voltage  U  at the fundamental 

frequency as  

1
2

1 /3 CC QUX = . 

 
 

 
 
 
 
 
 

Fig. 1. Schematic diagram of the third-order filter. 
 

The remaining filter parameters should meet the 
following conditions: 
  1)  resistance of filter at the  n-th harmonic equals  FR ,                         

  2)  reactance of filter at the  n-th harmonic equals zero,                        
  3) 12 CC mXX = ,   

    where m  – a coefficient taking into account relations 

    between  1CX  and 2CX . 

 
To reduce harmonic voltages at the network nodes to the 
(0.5-0.75) of the NnUK )(  values at the tuned harmonic the 

filter should have a certain value of resistanceFR . 

NnUK )(  is a norm for the  index )(nUK [7].  The value of 

FR  is calculated by the expression given in [4] 

 

         
22

)()(

)(

)( nsnsFnUnU

FnU
F

bgKK

K
R

+−
= ,          (1) 

где )(nUK , FnUK )(  -  values of indices at the node 

without the filter and with it, 

nsg , nsb  -  conductance and susceptance of network at 

the filter connection node. 
 
Impedance of the third-order filter at the n-th harmonic 
can be written as   
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where  nCLnnLC XXX 11 −= ,                                  (2)            

            nCLnnLC XXX 22 −= .                                 (3)  

 
According to conditions 1) and 2) imaginary part nZ   at 

the n-th harmonic is equal to zero, real - toFR .  After 

the transformations real and imaginary part nZ  can be 

represented as a system of two equations  

02
2

22 =−− nLCffLn XRRRRX ,                 

02
21221

2 =−− nLCnCnLCnCLnnLC XXXXXXR . 

Having solved the system of equations, considering 
that 12 CC mXX = , we obtain the expressions for LnX      

and R  

        )2/()4( 2 AACBBX Ln −+−= ,            (4)     

                nLCnCLnF XmXXRR 11 /)( −= ,             (5) 

where   )1(1 mXA nC +−= ,                                        (6) 

             )21(2
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2
nCnCF XmXRC +−= .                         (8) 

 
The value of m  is unknown in the obtained expressions.  
In order to determine the admissible values of m  we use 

the conditions that 21 CC >>  and the expression under 

the root sign in (4) should be positive, i.e.  

042 >− ACB . 
Solving the inequality we obtain the value of m  lying in 
the interval  
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(9) 
Expression (9) shows that the relation between 1CX  and  

2CX  is determined by the values  1CX  and FR  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: 

1
2

1 /3 CC QUX = ,                                                   (10) 

12 CC mXX = ,                                                            (11)                                                                                                            

 )2/()4( 2 AnACBBX L −+−= ,                        (12)                                                                                                                     

)/()( 1
2

1
2

CLCLF XnXmXnXRR −−= .             (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 distortions in 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 indices )(nUK  (the n-th 

harmonic factor) and UK  (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 of  )(nUK  and 

UK  determined in [7]. The measured values of 

)(nUK and UK that exceed the normally admissible 

values are given in bold type. The admissible values of 

)(nUK  and UK  are exceeded at four substations.  

 

Xc2

Xc1

R 
XL 

https://doi.org/10.24084/repqj08.365 478 RE&PQJ, Vol.1, No.8, April 2010



 
TABLE 1. -  Measured  )(nUK  and  UK  

 
Substation 

UK  

(%) 
)3(UK  

(%) 
)5(UK

(%) 
)7(UK  

(%) 
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 of )(nUK  and UK  at the other nodes of the 

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

)3(UK   are exceeded at eight nodes,  )5(UK   - at twelve, 

)7(UK - at four,  UK  - at twelve nodes and should be 

reduced with the help of filters. 
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Fig. 2. )(nUK  and UK  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 of )(nUK and UK  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 

)5(UK . For example the filter placed at node S11 can 

increase the values of )5(UK  as compared to the network 

operation without the filter. The most suitable node for 
the 5th harmonic filter is node S17. The filter decreases 
the value of  )5(UK  practically at all nodes of the 

network. The curve of )5(UK  changes along the entire 

trajectory of nodes without dramatic changes in the value 
of )5(UK . For the 3rd and 7th harmonics node S17 has 

also turned out to be the most suitable. 
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Fig.3. )5(UK at nodes of the network with test filter. 

 
C. Determination  of parameters of  the harmonic filters  
 
The filter parameters of 5th harmonic will be selected so 

that the values of FUK )5(  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 the filter resistance FR .   The  

values of the filter resistance FR  for the desired values 

of FUK )5(  were calculated by expression (1). Fig. 4 

presents curves of the resistanceFR , and also the power 

losses )5(P  for 5th harmonic in the filter at the calculated 

values of FR .  
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Fig. 4. FR  and )5(P  with change of FUK )5( . 
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As a result of analysis it was assumed to calculate the 
filter parameters for FUK )5( =0.7%, which is achieved at 

FR =69.2 Ohm and the power losses of 34.3 kW. The 

value of 1CQ  does not affect FR . For the 5th harmonic 

filter it was assumed that 1CQ =3 Mvar. 

 
2)  Calculation of the parameter m . The range of 

values of the parameter m  was calculated by relation 
(9). Table 2 presents the minimum and maximum values 
of m  for FUK )5(  over the range 0.7-1.2 % and 1CQ  

over the range 4-6 Mvar. For FR =69.2 Ohm  and           

1CQ =3 Mvar the values of m must be in the range     

                          2.33<m ≤20.99. 
 

TABLE 2. – Values m  
 

)5(UK  

(%) 

1CQ  (Mvar) 

3 4 5 6 
0.7 2.33 1.75 1.4 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 
0.9 1.54 1.16 0.93 0.77 

13.89 10.43 8.35 6.97 
1.0 1.30 0.97 0.78 0.65 

11.68 8.77 7.03 5.87 
1.1 1.11 0.83 0.67 0.56 

9.96 7.48 6.00 5.01 
1.2 0.95 0.72 0.57 0.48 

8.58 6.45 5.17 4.32 
 

3)  Calculation of the filter parameters.  The filter 
parameters were calculated by applying 10 values of m  
with a step of m∆ =2.33. The parameters and the input 
resistance and reactance of the filter for harmonics from 
1 to 25 that are presented in Figs. 5 and 6 were calculated 
for these values based on expressions (10)–(13).  
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Fig. 5. Input filters reactance for different values ofm . 
 

The curves in Fig. 5 show that for the harmonics below 
the 5th one the filter reactance is capacitive. For the 
harmonics above the 5th one for m ≤ 9.3 the filter 
reactance is also capacitive for some harmonics, which 
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 
power losses in the filter, if there are currents of these 
harmonics in the network. Analysis of the curves shows 
that m equal to 20.99 is the most suitable for selecting the 
filter. The parameters corresponding to this value of m  
were selected for the 5th harmonic filter. 
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Fig. 6. Input filters resistance for different values ofm . 

 
The filter parametrs of the 3rd and 7th harmonics were 
determined in a similar way. The filter parameters are 
presented in Table 3. 
 

TABLE 3. - Parameters of filters 

 
The curves of )3(UK , )5(UK , )7(UK  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.   
 
D. Efficiency estimation of the filters        
 
The efficiency of filter operation was tested in 18 
operating conditions of the supply main. The desired 
values of )7(UK  were exceeded only in one operating 

condition at two nodes for 7th harmonic. 
 

Parameter Harmonic 
3 5 7 

1CQ (Mvar) 4. 3. 3. 

1CX (Ohm) 12100.0 16133.3 16133.3 

2CX (Ohm) 191180.7 338639.1 111166.0 

LX  (Ohm) 1287.0 624.3 299.3 

R (Ohm) 39940.7 42446.9 9954.0 

https://doi.org/10.24084/repqj08.365 480 RE&PQJ, Vol.1, No.8, April 2010



 

0

0.5

1

1.5

2

2.5

S
1

S
3

S
5

S
7

S
9

S
1

1

S
1

3

S
1

5

S
1

7

S
1

9

S
2

1

S
2

3

Substation

Ku
, 

K
u(

n
) 

(%
)

Ku Ku(3) Ku(5) Ku(7)
 

 

Fig.7. UK  и )(nUK  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  

)11(UK  and )13(UK  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.   
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Fig.8. )(nUK  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 of )3(UK , )5(UK , )7(UK  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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Fig.9. )(nUK 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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