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POWER QUALITY COMPLEX ESTIMATION AT ALTERNATING
CURRENT TRACTION SUBSTATIONS

Purpose. At alternating current traction substations are used three-winding transformers. This scheme comes to
significant costs from power quality disturbances at each supplier. The most significant power quality indices at
alternating current traction substation are voltage deviation, voltage unbalance and harmonic distortion. The purpose
of this article is power quality complex estimation at two traction substations that work on the one district of traction
network. Methodology. The measurements were made according to accepted program during 24 hours with 1 sec
discretization. A few power quality analyzers PM175 are used to record data with time synchronization. The scheme
of measurements means that devices are connected through current and potential transformers at the each level of
voltage. Findings. Voltage level at different substation is various due to power losses in primary network. The volt-
age in one phase of 1-st substation is bigger than in other phases. Voltage THD values according to standard re-
quirements are below norm only for primary 154 kV networks. For another traction and regional networks voltage
THD values are above norm value. The voltage unbalances in 154 kV networks are below voltage unbalance in
35 kV networks. Besides the voltage unbalance in 154 kV network is below 2% that complies with the requirements
of standard. At the same time we can consider that voltage and current spectrums consist from discrete harmonics
with frequencies that multiples of the fundamental frequency. Originality. Voltages at the connection points of trac-
tion substations to supply lines are complex stationary random process that determines the voltage mode of the ex-
ternal power supply system of each traction substation. The flows of active and reactive power of the higher har-
monics at AC traction substation are directed opposite power of the fundamental harmonic. The power flows on
higher harmonics create the disturbing impact on related devices. The total power at AC traction substation consists
of 61.8% of the active power, 32.5% of the reactive power of the 1st harmonic and 5.7% of the distortion power in
the quadrature components. Practical value. Analysis of the quadrature components suggests that traditional ap-
proaches to reactive power compensation at the fundamental frequency will be sufficiently effective. But the influ-
ence of the distortion power on reducing energy losses must be also researched. Besides reactive power compensa-
tion should be considered with the issue of reducing the basic power quality indices to standardized values.

Keywords: power quality; alternating current; three-phase system; traction substation; measurement; harmonic;
distortion; unbalance; spectrum; powers flow

load two working windings. In the third winding
flows the difference of that currents with 1/3 mul-
tiplier. Therefore third winding are not fully loaded
and it caused power quality problems.

Each power transformer at AC traction substa-
tion has voltage regulation device which works
under load. But it regulates voltage in all windings
together and can’t be used for three-phase balanc-
ing. Besides the voltage mode at AC traction sub-
station is choose to provide minimal voltage level
at the most difficult district of traction network.

Introduction

The global electrification of railway transport
in Soviet Union force to use three-winding trans-
formers at AC traction substation. The advantage
of this scheme is in refusing from individual trans-
former for regional power supply. In that case all
regional suppliers consume electric power from
third winding of transformer which called regional.
But in real these scheme comes to significant costs
from power quality disturbances at each supplier.

The most significant power quality indices at
AC traction substation are voltage deviation, volt-

L . Pur
age unbalance and harmonic distortion. urpose

As a rule regional suppliers have some voltage
increasing in one of three phases. Such increasing
caused not equaling load of left and right side of
traction substation. Currents of left and right sides

30

The purpose of this article is power quality
complex estimation at two traction substation that
works on the one district of traction network.

© D. O. Bosiy, 2013



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancniopry. Bicauk J{HinponeTpoBcbKoro

HAL[{OHAJIBHOTO YHIBEPCHTETY 3aJli3HUYHOr0 TpaHcnopty, 2013, Bur. 4 (46)

EKOJIOI'A1 HA TPAHCITIOPTI

Methodology

The measurements were made according to ac-
cepted program during 24 hours with 1 sec discre-
tization. A few power quality analyzers such
PM175 are used to record data with time synchro-
nization. Simplified scheme of measurements are
shown at Fig. 1. The scheme means that devices
are connected through current and potential trans-
formers at the each level of voltage.
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Fig. 1. The scheme of measurements at AC traction
substation

Voltage deviations in primary network 154 kV
of each traction substation are shown at Fig. 2 dur-
ing 24 hours. Voltage level at different substation
is various due to power losses in primary network.
Besides, the voltage in one phase of 1-st substation
is bigger than in other phases.

Voltage regulating devices helps to align volt-
ages at other points of coupling either 35 kV or
27.5 kV. Voltage deviations in these networks of
one traction substation are shown at Fig. 3. When
voltage equalization in 35 kV is needed the com-
pensation current may flows throw traction net-
work. In this case compensation current causes
additional useless power losses.

Fig. 2. Voltage deviations in 154 kV primary networks
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Fig. 3. Voltage deviations in 35 kV and 27.5 kV
networks

Total harmonic distortion and three-phase
unbalance

Voltage total harmonics distortions (THD) for
each phase are similar. Voltage THD values ac-
cording to standard requirements [4] are below
norm only for primary 154 kV networks (Fig. 4).
For another traction and regional networks voltage
THD values are above norm value.
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Fig. 4. Voltage distortions in 35 kV and 154 kV
networks
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According to standard [4] the norm of voltage
THD values for 110 — 330 kV networks are below
2%. As for 35 kV and 27.5 kV networks the norm
values are below 4%.

The norm of voltage unbalance is 2% and it
doesn’t depend on the voltage range.

The voltage unbalance series are shown at
Fig. 5. As can be seen the voltage unbalance in
154 kV networks are below voltage unbalance in
35 kV networks. Besides the voltage unbalance in
154 kV network is below 2% that complies with
the requirements of standard. The voltage unbal-
ance in 35 kV network is higher than 2% and its
maximum reached within 4.7% value.
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Fig. 5. Voltage unbalance in 35 kV and 154 kV
networks

Traditionally the voltage unbalance caused by
unbalancing currents in a three-phase system. The
primary currents at one substation are shown at
Fig. 6 as fields of points. Each point is defining the
end of primary current vector at complex plot.
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Fig. 6. Currents in 154 kV primary network
at complex plot
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It can be seen from Fig. 6 that currents in sec-
ond phase (B) are lower than in other phase. In this
case phase 4 and C are working. The phase B is the
least loaded. Besides the phase 4 has the lowest
power factor because the angle of load in this
phase is the higher than in other phases.

Detail waveform researching

The voltage and current waveforms are very
different from the sine (Fig. 7). Besides the current
waveform are lags from the voltage waveform due
to inductive component in traction load.

Before Fourier analysis check the discreteness
of spectrum is needed. This check may be per-
formed by comparing RMS values that defined by
various methods.
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Fig. 7. Voltage and current waveforms
in traction network

The RMS values may be evaluated by integra-
tion of waveform and discrete Fourier transform
methods. So the conditions that used to check
spectrum discreteness may be written as follows

15 N
— [ 0yt = > u®
T() k=1
, (1)
/—j (t)dt = ZN‘)
(2)

i(#) — instantaneous Voltage and cur-
7o

where u(t),

rent; U®, — voltage and current RMS har-
monic value; 7 — fundamental harmonic period,
T =0.02 sec; N — number of harmonics in a dis-
crete transform, N =40.
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As can be seen from table 1 the conditions
(1)-(2) are satisfied with 0.001% error. This means
that we can consider that voltage and current spec-
trums consist from discrete harmonics with fre-
quencies that multiples of the fundamental fre-
quency.

Table 1

Voltage and current RMS comparing

Definition method
Magnitude | integration | discrete Fourier | Error, %
of waveform transform
Uuv 27 317.687 27 317.767 <0.001
I,A 297.848 297.851 0.001

The relative spectrums of voltage and current at
AC traction substation consist of odd harmonics
(Fig. 8). The fundamental harmonics are shown not
in scale. When spectrums of voltage and currents
will be compared it can be seen that in current
spectrum with frequency increasing the harmonics
values are decreasing. But in voltage spectrum
some harmonics are gained and some are weak-
ened.
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Fig. 8. Voltage and current relative spectrums

For example, in current spectrum the harmonic
with a frequency of 150 Hz has a maximum. But in
voltage spectrum the harmonic with maximum
value has a frequency of 250 Hz. This indicates for
non-linear resistance characteristics of traction
network as a function of frequency.

Findings

Using these spectra, we can calculate the com-
ponents of the balance of the total power in an AC
circuit. Notable is the fact that the flows of active
and reactive power of the higher harmonics are
directed opposite power of the fundamental har-
monic (Fig. 9).

This suggests that the AC electric rolling stock
is a load at the fundamental frequency and a noise
generator on the higher harmonics.

In percentage terms power flows on higher har-
monics are less than 1 % and create more disturb-
ing impact on related communication devices,
automation and remote control than the effect of
the losses increasing.

The results of power components evaluation
showed as keeping the balance in the quadrature
components of active power P, reactive power of
the 1st harmonic Q; and distortion power D
(Fig. 10).
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Fig. 9. Active and reactive power spectrums

In calculations the total power was determined
by the product of the RMS values of current and
voltage.
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Fig. 10. Power balance in the quadrature components

The obtained result shows that the total power
consists of 61.8% of the active power, 32.5% of
the reactive power of the 1st harmonic and 5.7%
of the distortion power in the quadrature compo-
nents.

Originality and Practical value

The voltage and current spectrums at AC trac-
tion substation may be considered as spectrums
that consist from discrete harmonics with frequen-
cies that multiples of the fundamental frequency.

The AC electric rolling stock is a noise genera-
tor on the higher harmonics because the flows of
active and reactive power of the higher harmonics
are directed opposite power of the fundamental
harmonic.

Analysis of the quadrature components sug-
gests that traditional approaches to reactive power
compensation at the fundamental frequency will be
sufficiently effective. But the influence of the dis-
tortion power on reducing energy losses must be
also researched. Besides reactive power compensa-
tion should be considered with the issue of reduc-
ing the basic power quality indices to standardized
values.

Conclusions

1. The most significant power quality indices at
AC traction substation are voltage deviation, volt-
age unbalance and harmonic distortion.

2. Voltages at the connection points of traction
substations to supply lines are complex stationary
random process that determines the voltage mode
of the external power supply system of each trac-
tion substation.

3. Voltage waveform distortions according to
standard requirements are below norm only for
primary networks. On the other connection the dis-

turbances are outside the allowable range. The
situation is similar for the voltage unbalance.

4. The flows of active and reactive power of the
higher harmonics at AC traction substation are di-
rected opposite power of the fundamental har-
monic. The power flows on higher harmonics cre-
ate the disturbing impact on related devices.

5. The total power at AC traction substation
consists of 61.8% of the active power, 32.5% of
the reactive power of the 1st harmonic and 5.7%
of the distortion power in the quadrature compo-
nents.
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KOMILJIEKCHA OIIIHKA MOKA3HUKIB IKOCTI EJTEKTPOEHEPTIII
HA TATOBUX IIIICTAHIIAX 3MIHHOI'O CTPYMY

Meta. Ha TSAroBux miJICTaHIisAX 3MIHHOTO CTPYMY 3aCTOCOBYIOThHCSI TPHOOMOTKOBI TpaHcdopmaTopu. Taka cxe-
Ma JKHBJICHHS TPU3BOAUTH O 3HAUYHHMX CIOTBOPEHb ITIOKa3HUKIB SKOCTI €JIEKTPOEHEprii B KOXKHOTO CIIOXKHBAYa,
SIKMI JKABUTBHCS Bif TAroBol migcranmii. HaiiOlabln Ba)KIMBUMH HOKa3HUKAMH SKOCTI IS TATOBHUX MiJCTaHIIIN 3MiH-
HOTO CTPYMY € BIIXWJICHHS, HECUMETPis Ta rapMOHIHI CIOTBOpEHHS Hanpyru. MeToro 11i€i poO0TH € KOMIIJIEKCHa
OIliHKA TIOKa3HUKIB SKOCTI €JICKTPOCHEPTril JBOX TATOBUX IMiJCTAHIIH, SIKi MapajelbHO MPAIOITh Ha OJHY MIXKITiJI-
cTaHUilfHy 30HY. MeToauka. BumiproBaHHS MOKa3HWKIB SIKOCTI BHKOHAHI BIATIOBIAHO O MPOTPaMHU IPOTSITOM
24 ronuH 3 AMCKpeTH3aliero B aci 1 ¢. 3acTocoBaHO AeKibKa aHami3aTopiB moTykHOCTI PM175 i3 cHHXpOHIi3atieto
B yaci. BumiproBaipHi MPUIIAAX M JKITIOYANIACH Yepe3 BiINOBITHI TpaHC(POPMATOPH HATIPYTH 1 CTPYMy Ha KOKHOMY
piBHi Hampyru. PesynabTaTn. PiBeHP Hampyrn Ha pi3HHX MiACTAHLIAX BiAPI3HAETHCA 4Yepe3 BTPATH MOTY>KHOCTI
B nepBuHHIN Mepexi. KpiMm Toro, Hanpyra B ojHiil (a3i Mepexi Oinblia, HiX y iHIHX (azax. ['apMoHiiiHi croTBo-
PEHHS HAaIpyTH MOXYTh OyTH MEHIIII HOPMH, BCTAHOBJIEHOI CTAaHIAPTOM, JIMIIE JUIA epBUHHOI Mepexi 154 kB. s
IHIIUX — TSATOBOI Ta PaiOHHOI MEpPEX — BOHHM NEPEBHIIYIOTh BCTAHOBJIEHI HOpMH. HecuMeTpisi Hanpyru B Mepexi
154 kB Hmxy4a, HiX y paiionHiit mepexi 35 kB. Kpim Toro, piBeHb HeCUMETpil B IEPBUHHIM Mepexi BiJIIOBiIaE BU-
MOraM CTaHJapTy. Y TOH jKe 4ac MOKHa BBaXKaTH, LIO CHEKTPH HAIIPYTd i CTPYMY MICTATh ITUCKPETHI rapMOHIHHI
CKJIaJIOBl, 4aCTOTH SKMX KpaTHI OCHOBHIiH uyactoTi mepexi. HaykoBa HoBu3Ha. Hanpyru B Toukax npuexHaHHS
TSATOBHUX MiJCTAHLINH 10 >KUBWIBHOT MEpexki SBISIOTH cOO0I0 CKIAJHUI CTAIllOHAPHUI BHUIAAKOBHH ITPOIEC, SIKMH
BU3HAYa€ PEXHMM HANpyr'd CHCTEMH 30BHILIIHBOTO EJIEKTPONOCTayaHHS KOXKHOI TsroBoi mincranuii. IloToku
AKTHBHOI Ta PEAKTUBHOI IIOTYXKHOCTEH Ha BUINMX TapMOHIKaX CHPSIMOBaHI MPOTHIISKHO IIOTOKAaM IOTYXHOCTEH Ha
OCHOBHiM rapMmoHini. [IoTOKH MOTY)XHOCTEH Ha BHIIMX TapMOHIKaX CTBOPIOIOTH NEPEINKOKAIOYM BIUIMB Ha
cyMmikHI npuctpoi. [IoBHa MOTYyXHICTH TATOBOI MIACTAHIII 3MIHHOTO CTPyMYy CKiIamaeTbcs Ha 61,8 % 3 akTHBHOI,
32,5 % 3 peaxktuBHOi 1-1 rapmoHikH i 5,7 % TOTYXHOCTI CIIOTBOPEHHS y KBaJpaTypHHUX ckianoBux. IlpakTuyHa
3HAYMMIicThb. AHAJI3 KBaApaTypHUX CKIAJ0BHX BKa3ye Ha Te, [0 3aCTOCYBaHHS TPAAWIIIIIHOT KOMIICH Al peakTu-
BHOI IOTY)XHOCTI Ha OCHOBHIH uacToTi Oynme nocratHbo edextrBHUM. IIpore HEOOXiAHO BpPaxOBYBaTH BILIUB
MOTY>KHOCTI CIIOTBOPEHb Ha 3HW)KEHHS BTpAT enekTpoeHeprii. KpiM Toro, koMIieHCallil0 peakKTUBHOI MOTYXHOCTI
HEOOXITHO 3aCTOCOBYBATH SIK CIIOCIO 3HIKEHHSI OCHOBHHMX MOKA3HHKIB SIKOCTI €JIEKTPOEHEPTil 10 HOPMOBAHHX 3Ha-
YEHb.

Kniouosi cnoea: sKiCTh €1€KTPOCHEPTii; 3MIHHUN CTpyM; TpHrdaszHa cucTeMa; TAroBa IiCTaHIis; BUMIPIOBaHHS;
rapMOHIKa; CIIOTBOPEHHS; HECUMETPIsl; TOTOKHU ITOTY>KHOCTEH
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KOMILIEKCHAS OIIEHKA ITOKA3ATEJIEN KAUECTBA
IJIEKTPOOHEPI'MA HA TAT'OBbBIX IOJACTAHIUAX
INEPEMEHHOI'O TOKA

Hean. Ha TAroBEIX MOACTAaHIMAX MIEPEMEHHOTO TOKA IMPUMEHSIOTCSI TPEX0OMOTOUHBIE TpaHc(opmaTopsl. Takas
CX€Ma IUTAHUS NPUBOIUT K 3HAYMTENIbHBIM MCKAKEHUSIM IOKa3aTeNlell KauecTBa DIIEKTPOSHEPTUH Y KaXIOro Io-
TpebuTens, KOTOPBI MUTAETCSl OT TATOBOM MojCTaHIMU. [IIs TATOBBIX MOJCTAHLIMII MEPEMEHHOTO TOKa Hamboiee
BaXHBIMH TI0Ka3aTEJIIMU Ka4eCTBa DJIEKTPOIHEPTUU SIBISAIOTCA OTKIOHEHHUS, HECHMMETPHUS U TAPMOHUYECKUE UCKa-
XeHust HarpspkeHus. L{ens naHHOW paboThl COCTOMT B KOMILJIEKCHOW OIICHKE IOKa3aTelieil KauecTBa DIIEKTPOIHEP-
TMU JUIS JABYX TSTOBBIX IOJICTAHLIMM, KOTOpBIE MapajyieJbHO PabOTAalOT Ha OJHY MEXIOJCTAaHIMOHHYIO 30HY.
Metoauka. V3mepenus noka3areneii kauecTBa BBIIOIHEHBI B COOTBETCTBUH C IIPOTrpaMMOil Ha MPOTsHKEHUH 24 JacoB
¢ auckperuzanueil Bo BpemMeHd 1 c. [IprMeHEeHO HECKOJIbKO aHaau3aTopoB MoOIIHOCTH PM175 ¢ cunxpoHuszauuen
BpeMeHH. l3MepurenbHble NpHOOpPHI MOKIIOYAINCh Yepe3 COOTBETCTBYIONINE TPAHCHOPMATOPH! HANPSDKEHUS M TOKA
Ha KaXXJ0M YpOBHE HampspkeHus. Pe3yJbTaTbl. YPOBEHb HaNpsDKEHMS Ha Pa3sHbIX MOJCTAaHLUAX OTIMYAeTCsS BBUAY
MOTEPh MOIIHOCTH B NMEPBUYHON ceTH. Kpome Toro, HampspkeHHe B OHOHN (aze Oorblie, 4eM B OCTAIBHBIX (hasax.
I'apMOHMYECKHEe MCKa)KEHUSI MOTYT OBITh HI)KE HOPMBI, YCTAHOBJIEHHOW CTaHIAPTOM, TOJBKO IS NMEPBHYHON CETH
154 xB. [Ins qpyrux — TATOBOM 1 paifOHHON ceTel — TapMOHIYECKHE HCKAKEHHS TIPEBHIIIAIOT YCTAHOBIICHHBIE HOPMEL.
Hecummerpus nanpspkenuit B cetn 154 kB Hinke, uem B paiionHoi# cetu 35 kB. Kpome Toro, ypoBeHs HECUMMETPUHI
B NIEPBUYHON CETH COOTBETCTBYET TPeOOBaHMAM CTaHAApTa. B TO ke BpeMs MOXHO CUHTATh, YTO CIIEKTPbI HAIPsIKe-
HHUS U TOKa COIEPXKAaT JUCKPETHBIE FAPMOHUYECKUE COCTABIIAIOLINE, YaCTOTHI KOTOPBIX KPAaTHBI OCHOBHOM 4acTOTE
cetu. Hayuynast HoBu3Ha. HanpsokeHust B TOUKax NPUCOECIUMHEHMS TATOBBIX MOACTAHLUM K IUTAIOLIECH CETU Ipel-
CTaBJISIFOT COOOM CJIOKHBIHM CTAllMOHAPHBIN CITy4alHBII MpoIecC, KOTOPBI ONpeAeNseT PexXuM HaIlpsKEHHUs CUCTe-
MBI BHEIITHETO AJIEKTPOCHA0KEHHS KaXKI0H TAroBOM nojcranuuu. [10TokM akTUBHOI M peakTHBHON MOIIHOCTEW Ha
BBICIIMX TapMOHMKAaX HalpaBJIeHbl INPOTHBOIOJIO0XHO MOTOKaM MOIIHOCTEH HAa OCHOBHOM rapMmoHuke. ITorokxu
MOIIHOCTEH Ha BBICIINX I'apMOHHMKAaX CO3[JAl0T MEIIAoLIee BIMSAHUE HA CMEXHble ycTpoicTBa. [lomHas MouHOCTH
TATOBOM MOJCTAHIMK IIEPEMEHHOTO TOKa COCTOWT Ha 61,8 % n3 akTuBHOM, 32,5 % U3 peakTMBHOW 1-i rapMOHHMKH
n 5,7 % MOUIHOCTH HCKOKEHWH B KBaJIpaTypHBIX cocTaBstonmx. IIpakTudeckast 3HAYMMOCTh. AHaIN3
KBaJpaTypHBIX COCTaBIIOMUX YKa3blBa€T HA TO, 4YTO NPUMEHEHHE TPAJULHMOHHON KOMIEHCAUH pPEaKTHUBHON
MOIITHOCTH Ha OCHOBHOW HacToTe Oyner mocrtaroyHo 3¢ddextuBHBIM. Ho Takke HEOOXOAWMO ydecTb BIHSHHUE
MOIIHOCTH HCKa)KCHHI Ha OOIlee CHIKEHHE IMOTEPh 3IEKTpOo3Hepruu. Kpome TOro, KOMHEHCALUIO PEaKTUBHOMN
MOIIHOCTH HEOOXOAMMO IPUMEHSTh KaK CIIOcO0 CHIKEHHSI OCHOBHBIX IOKa3aTelel KauecTBa 3JEKTPOIHEPTUH 0
HOPMUPYEMBbIX 3HAUYEHUM.

Knrouesvie crosa: KadecTBO 3JIEKTPOIHEPTUM; MEPEMEHHBIN TOK; TpexdasHas cHUCTeMa; TSAroBas MOICTaHIHS;
U3MEPEHUs; TADMOHMKA; UCKA)KEHUS; HECUMMETPHS; TOTOKH MOIHOCTEM
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