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Abstract — The conducted study case, which is
presented in the paper, created a basis for

non-linear loads [1,2,3,4,5,6,7,8,9,10]. Among them
disturbing character of traction load on supplyihG

identification of the causes for occurrence of vaitge
distortions and development of proposals solution
assuring voltage of appropriate quality parameters,
which enabled supplying sensitive loads from the sae
15 kV grid as traction substations. With regard to
noticeable disturbances in a 15 kV network, obsene:
at non-traction loads and devices of a 3 kV DC
traction substation (especially smoothing filters ad
signalling and control traffic equipment), it was
required to perform a set of measurements of voltag
quality in a PCC both at the level of 15 and 110 kV
The measurements were performed under various
operational conditions and schemes of connection of
the supplied loads. An analysis of the correlation
between specific harmonics, THD coefficients and €
current load was undertaken.

I INTRODUCTION

lines is significant, still current and under thetozal and
in-situ measurement study [11,12,13]. It is possitn
read in papers results of research at Italian B,44] and
Polish railways [17,18,19,20,21], where 3 kV DC
rectifier substations are applied for supplyingirtsa
having rated power of 6-8 MW each and equipped with
power electronic converters, which are anothercof
harmonics in a DC catenary [22,23,24,25,26,27].
Application of energy delivery to rectifier substais at
the high voltage level may ease the problem of baics

in AC supply, however in some cases these solutiwas
very costly and create technical difficulties whienbe
implemented. So, it is important to pinpoint theldem

of disturbances, i.e. finding a source of distudesn
before undertaking proper means. The paper presants
case study where from a 110/15 kV PCC (point of
common coupling), both traction load (two traction
substations - TS1 and TS2 - fig.1) as well as maatibn

Standards and regulations concerning the problem d&pad (non-railway) (NTN - fig.1) were supplied.

quality of electric energy supplied to the receivéom

Measurements in the PCC at measurement transformers

an electric grid impose certain requirements sot thaoth for voltage at the 15 kV level - A point, aellas at

operators supply the recipients with energy of appate

the side of 110 kV voltage from a PUS (public tili

power quality acc. to the “Standard EN-50160:20108ystem) — B point (fig. 1) were performed to idgnthe

Voltage characteristics of electricity supplied pyblic
electricity networks”. The important quality paraiers
include an admissible level of non-linear distarso—
individual harmonics and THD (Total Harmonic
Distortion) as well as admissible load fluctuatigdse to
the instability of loads). Under normal operational
conditions, during every week, 95% of samples ftom

10-minute values of measurements should not excee

limits. In accordance with the regulations beindgiw, an
obligation to maintain required parameters of tingptied
electric energy rests upon the supplier, while aney of
the disturbing load
distortion to a defined level. In some cases th@mear to
be problems in identifying a real cause of distodsss.
The issue, although widely studied and well repbiite
still under consideration, due to large implemeatabf
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is responsible for reducing its

source of disturbances.
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Fig.1. Supply scheme of TS1 and TS2 traction stitista
and NTN non-tractiooad from a 110/1%V PCC.



As it was shown that the application of stochasticl
statistical analysis [2,3,4,9,13,14,20,24] of thesults
may be helpful in identifying the source of distanibes
in such a case, in order to find a solution, soraetation

harmonics the correlation coefficient is lower, il
significant. The results are presented in tablend fig.
2+4. What is interesting is the strong correlati@tween
115 load current and"5voltage harmonic, which is not

analysis of the measurement results was undertaken. characteristic for 12-pulse rectifiers.

5o

II. MEASUREMENTS IN A 15 kV NETWORK i
In the first stage, the measurements of energyitgua 80
15 kV bus-bars in a PCC at secondaries of voltagk a 75
current measurement transformers  were conduéiged ( 4

1- point A, S1, S2 - closed) with application o$pecial
measurement device dedicated to monitoring anc
assessment of electrical energy parameters atioe tBN
50160 standard.

As resulted from the measurements it was foundtait

in voltage at 15 kV bus-bars: 45 -

« the level of 11 harmonic was above 3.5%, the _ _ ) .
admissible value limit according to the EN 50160 Fig. 2. Corr_elauon_ of current 115 supplymg trach
value (maximum values reached 6.6%), even at substations with a THD U 15 kV coefficient.
night, when it dropped to around 4.2%;

« the level of 18 harmonic was above 3%, the limit
according to the EN 50160 value (maximum values
reached 5.8%), even at night, when it dropped to
around 3.5%,

« the level of 1% harmonic (non-characteristic for 12-
pulse rectifiers) periodically was above limit 2%

- maximum values reached 4% on Fridays and
Saturdays, but usually during working days the
limit was not exceeded,;

« value of the THD U reached 10% with limit of 8%.

Therefore, to identify the source of such highueal of

harmonics in a PCC, from which sensitive loads a8d
and TS2 substations with 12-pulse rectifiers appked,
measurements were conducted for five differentavasi
of supply schemes of load from 15 kV bus-bars i@ th
PCC.
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Fig. 3. Correlation of current 115 supplying tracti
substations with Bvoltage harmonic at the 15 kV level.
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A. Measurements for variant 1 of a supply scheme

In this scheme of operation, TS1 and TS2
substations and NTN were supplied from the same 15
kV PCC section (fig 1. - S1, S2 - closed).
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Table 1. Coefficients of Jyoltage harmonic correlation

versus 115 current for variant 1. 3.4

3.0
40

THD U| U5 u7 Ull | U13| Ul7| U19 U23 U24

8 120 180 200 240

0.943 | 0.867 0.793) 0.848| 0.773( 0.921| 0.814| 0.974| 0.921

Fig. 4. Correlation of current 115 with f3voltage

) harmonic in the 15 kV network.
For analysis of the results of measurements, oed tie

method of correlation of voltage parameters (higher
harmonics 5 to 25" orders and THD U) versus the 115 g peasurements for variant 2 of a supply scheme

load current of traction substations. As a resuit o . . .
calculations, one concluded that there is a hi n this variant of a supply scheme, a TS1 substaiiod

correlation between 115 current with THD U arfy 57"~ non-traction loads (NTS) were supplied from thekl5

d ; ; th q4th qh PCC section, while the long cable supplying TS2 was
23%and 28" harmonics, while for 7, 11", 13", and 19 disconnected (S1,S2- opened - fig. IJhe analysis of
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correlation of 115 load current with the coefficieof
volta%e harmonics distortions THD and harmonic 5
to 25
of calculations,
correlation for THD U (fig. 6) and 1% 13" (fig. 7), 23°
and 28" harmonics and slightly lower for £7and 19"
harmonics.

On the other hand, for"harmonic of voltage there
was a low negative correlation (fig.8) and fol" 7
harmonic - a low positive correlation. As it can $een
from the value of a correlation coefficient fd? oltage

was carried out once again (table 2). As a result
it turned out that there is a high

I
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harmonic, switching-off the cable supplying a TS2

substation (variant 2 - switches S1 and S2 —opefigad,
1) had a significant effect on lowering the value5d
harmonic (8' and 7 harmonics are not characteristic
for a 12-pulse rectifier in a traction substatio®I}.
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Fig.5. Graph of the THD U and specific voltage
harmonics at the 15 kV level for variant 2.

Table 2. Correlation coefficient of Woltage harmonics
versus 115 current for variant 2.

THD U| U5 | U7 | U11JU13|U17|U19|U23|U25

0.973 | -0.3480.401| 0.947| 0.917( 0.767[ 0.775] 0.976] 0.991

C. Measurements for variants 3 and 4

Furthermore, voltage measurements at voltag
transformers at 15 kV bus-bars in a PCC for vasiéht
and 4 (comparing with variant 2, one added the jupp
of long cables supplying TS2, which operates ire idl
load- S1 closed, S2-opened-fig. 1) were conduclée.
difference between variant 3 and 4 was that iniavar
3, current load 115 was higher by 40% than in asatri4.
The correlation results of the measured valuessate
and compared in table 5.
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Fig. 6. Correlation of current 115 with THD U
coefficient at the 15 kV level.
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Fig.7. Correlation of curreﬁt 115 with 13harmonic of
voltage at the 15 kV level.
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Fig.8. Correlation of current 115 with"5harmonic of
voltage at the 15 kV level.
e
II. MEASUREMENTS AT THE 110 KV
VOLTAGE SIDE

In this supply scheme (variant 5 of measuremeng&) T
and TS2 substations as well as non-traction needs
(NTN) were supplied from the same section of 15 kV
bus-bars in a PCC (fig 1- S1, S2 - closed). The
measurements were performed on current and voltage
measurement transformers on the side of 110 kVIgupp
of a 110/15 kV 25 MVA transformer (point B).

As a result of the measurements, it may be statsd t

e the level of 8 voltage harmonic was above the
admissible by the EN 50160 value of 2%, and the
admissible value of 2% was not exceeded only by



28% of the measurement period (with required value

95);

e the value of a THD U coefficient was below the Table 4. Correlation coefficients THD U, THD | aRé&
admissible limit value of 3%, without exceeding it; at 15 kV versus I15 current for variant 5.

e supplying voltage exceeded the rated value abowe th THD U THD | cos ¢(PF
admissible 5% (maximum value 8.5%), and period 0.848 -0.953 0.765

when there was no excess of the admissible valse wa

only 55% of measurement time (required 95%).
Furthermore, one conducted the measurement using a
meter of electric energy quality (fig. 9) connected I maan L1 Txols 7xLl
secondaries of measurement transformers at thek10 sl Bis] B0
level (fig. 1 - point B) and instantaneous waveferof 750
current 1110 and voltage U110 by the use of an s
oscilloscope (fig. 10). As a result of the analysi=FT 850
waveforms (fig. 11), one observed presence'oémd 7' =
harmonics in voltage and current (non-characterifgtr 50
the system of 12-pulse traction rectifiers, thaased by
voltage harmonics from a 110 kV network) and'1and
13" harmonics (characteristic for 12-pulse rectifiers) _,
caused by the current taken by traction rectifitrsvas 00 000
noticeable that the zharmonic amplitude is comparable i 9 Graph of a rms value of current | andm\;gahaa
to the amplitude of 1 harmonic, which may indicate g.h.armo?lics at the 110 kV level for variant 5 9
resonance phenomena. It was also confirmed byahmv '
of a THD | coefficient (coefficient of non-linear 0
distortions of current), which for 12-pulse redif 110kV/100V
should not exceed the value of 13-14% (at low lpadyl 01 ‘
the measured value of a THD | of load (includedttcan
needs and 11 MW non-traction needs) reached 16%.
As a result of the assessment, one recognised fa hig
correlation of 110/15 kV transformer load currenthw
11" and 1% harmonics voltage. For P3and 2%
harmonics there was also a high correlation, bt tu
the very small values of amplitudes of these haion
they can be neglected. For"57", 17" and 19 st

harmonics, there was no correlation versus |15ectrr Fig. 10. Current and voltage waveforms (recordeanf
(i.e. current supplying two tractlo_n substatlon§1Tz$1d measurement transformers at the 110 kV voltage,
TS2). The results of the determined correlationffcoe oscilloscope recordings — 10:1).

cient are presented in table 3. Additionally fasthariant

5, one conducted measurements at the 15 kV level of
current and voltage waveforms (fig 12) and calcoiet —
of 115 current correlation coefficients with theetficient 01z

of THD U, current THD | and for co§(PF). Calculations o1 Jumao
show that there is a high correlation of 115 witiege
coefficients. However, a THD | correlation coeféint is
negative, which means that with the increase of 115
current a value of the coefficient THD | decreasHse
results of the calculations are presented in talded fig.
13 and 14. Summary of the measurements and anagyses Ire
set in table 5. di Al
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Table 3. Correlation coefficient of Woltage harmonics Fig. 11. FFT analysis of current 1110 and voltage L0
at 110 kV level versus load current for variant 5. waveforms shown in fig. 10.

THD U us u7 U1l uU13 u17 u19 u23 u25

0.783]-0.249(-0.057] 0.869( 0.628| 0.107(-0.102| 0.955| 0.955
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Fig.12. Current and voltage waveforms (measurement
transformers measurement at the 15 kV voltage,
oscilloscope recordings — 10:1.)
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Fig.13. Correlation of THD U at 15 kV busbars with
rms value of current 115 at the 15 kV level of mlgr
transformer 110/15 kV (variant 5).
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Fig. 14. Correlation of THD | of 115 taken frometh
110/15 kV transformer with a rms value of 115 catre

V. COMPARISON OF MEASUREMENT
RESULTS

Table 5. The summary of a correlation coefficiBHD

U and few | harmonics versus current for all variants.

Measurement THD U uUs u7 ull uUl3
system
Variant 1 0.943 0.867 0.798 0.848 0.7[/3
Variant 2 0.973 -0.348 0.401L 0.947 0.917
Variant 3 0.937 -0.429 0.804 0.953 0.9117
Variant 4 0.987 -0.636 0.37l 0.978 0.984
Variant 5 0.783 -0.249 -0.057 0.849 0.6p8
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In variant 3 of a supply scheme there is a cotimabf

7" harmonic with 115 current, but the value of' 7
harmonic is small. For variant 4, there is a catieh of
5™ harmonic, but it is a negative one, i.e. with &ase of
current, the value of "5 harmonic decreases. While
measuring current of a 110/15 kV transformer, theas

a correlation of current with 1 and 18 harmonics,
however, there was no correlation of current wititage
57" 17" and 18 harmonics. The highest value of a
current correlation coefficient for™5and 7' voltage
harmonics occurred for variant 1. It was a supphesne,

in which TS1 and TS2 substations as well as NTNewer
supplied. After analysis of all operational schemies
which the measurements and calculations were paefdr
(tab.5), one can state with a great amount of iceytéhat
the element that creates conditions for the ineas
current flow of 8 harmonic is the line supplying TS1.
The TS1 substation is supplied by a long cabledaralto

its high capacitance, resonance conditions fdt 5
harmonic, which is transferred from the side ofla kv
network, can be created. So it gave a basis for the
exclusion of the hypothesis that high values &f 5
harmonic were caused by 12-pulse traction sulbsisti
(load). As it is shown in table 2, in variant 2 hés no
correlation of 8 and #' harmonics versus current 115.

V. CONCLUSIONS

The study presented in the paper concerned a wasee
from the same 110/15 kV PCC, both traction loaeb(t
traction substations - TS1 and TS2 - fig.1) as aslhon-
traction load (non-railway) NTN were supplied and
significant disturbances in operation of the sugpli
devices were observed.

At the first approach, the rectifier substations @
typical non-linear load) were assumed to be the®ou
of disturbances. A set of undertaken measuremeotts b
at the 15 kV and 110 kV levels allowed stating wath
great certainty that a high value df Sharmonic at the
side of 15 kV voltage was not caused by tracticadk
but transferred from the 110 kV network. It was gibke

to indentify it as a result of the conducted anadywith
the use of a method of correlation applied to the
measurement results taken for various operation
schemes of the supplying network. As temporary
solutions to reduce high distortions, one propotex
use of inductance for compensation of reactive ggner
(capacitive) of the cables, and as a final oneparsgion

of a 110/15 kV transformer in the PCC for supply of
sensitive loads was suggested.
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