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Pedepar. [IpuBeneHs! pe3yabTaThl UCCICAOBAHMH KOMOMHHPOBAHHOIO aKTUBHOTO (UIIBTpa IO-
CJIEA0BATEIBHOIO THIIA ¢ HEIPEPbIBHOW CUCTEMOW yIpaBieHUs I TATOBBIX NOACTaHLUI MOCTO-
SIHHOTO TOKa. B paccmarpuBaemoii cTpykType naccuBHbli anepuogudeckuii LC-dunstp paboraer
COBMECTHO C aKTHUBHBIM, HMPHUHIUI JEHCTBUS KOTOPOTO OCHOBAaH Ha ()OPMHUPOBAHMU IO KaHATY
00OpaTHOH CBSI3M CHCTEMBI aBTOMAaTHYECKOTO PETYJIMPOBAHUS HANPSDKCHUS KOMIICHCALMH IIepe-
MEHHO cocTaBIIsTIoNIel BBIXOJHOTO HANpPsHKEHHs MoJcTaHIMu. [Ipeanoxkena CTpykTypa CHCTEMbI
YIpaBiIeHHs: KOMOMHHPOBAHHOTO aKTHBHOTO (MIBTPA MOCIEIOBATEIHFHOTO THIIA, OCOOEHHOCTHIO
KOTOPOI1 SABJISIETCS MCIIONb30BaHKE IBYX MapajjiebHO paboTalomux nenei ooparHoit cessu. [lep-
Basg (DOPMHpPYET CHIHAJ JUIl KOMIICHCALIMH TEPEMEHHON COCTABIIAIONICH B LIMPOKOM JIHANa3oHe
yacToT. Bropast mocTpoeHa ¢ NpUMEHEHUEM CEIEKTUBHBIX 3BEHBEB, KOTOPHIE HACTPOEHBI HA HU3-
KOUYaCTOTHBIE, B TOM YHCIIE HEKAHOHUYECKHE, TAPMOHHUKHU HANpsDKEHHs ¢ OOIBIINMU aMIUIUTYHa-
MH. B pe3ynbrare aHanNTHYECKUX HCCIEIOBAaHUH MTOIYYCHO BBIpasKEHHUE MepelaTOYHON (HDYHKIINU
CHCTEMBI YIPABJICHUS aKTUBHOTO (DMIIBTpa IMOCIIENOBATENHFHOTO TUIA C CEJIEKTHBHBIM 3BCHOM.
IMocTpoenHsle MorapupmMuueckue aMIUIUTYTHO-JaCTOTHBIE XapaKTEPUCTUKH KOMOMHHPOBAHHOTO
aKTHBHOTO (hrutbTpa 6e3 CEeTeKTHBHOTO 3BEHA M C HUM HAIJIHO IOKa3aid Oojiee BBICOKYIO 3(¢-
(EeKTUBHOCTH NOJABIEHHS HEKAHOHMYECKHX TApPMOHUK BO BTOPOM citydae. [list mOoATBEpKACHUS
JIOCTOBEPHOCTH Pe3yNbTaTOB AHATMTHYECKUX HCCIEJOBAHUM CHCTEMBI YNpPABIECHHS AKTUBHOTO
¢unbTpa paspaboraHa ero UMHTAIMOHHAs Mojesb B cpene MatLab. IIpoBexeHHsbIi aHann3 KoM-
OGMHHPOBAHHOTO AKTUBHOTO ()MIBTPA MOCIEIOBATEIHHOTO TUIA C CEIEKTHBHBIMU 3BEHBSIMH ITOKa-
3a], 94TO €ro IPHMCHEHHE LEeNeco00pa3HO Ha TATOBOW IOACTAHIMM UL YIIYYIIeHHsS KadyecTBa
MUTAOUIEH JIEKTPUYECKUIl MOABHAKHOM COCTaB HEPrUU MOCTOSHHOIO TOKA, IIPU 3TOM TAKKE
JIOCTUTAETCSI HEOOXOUMBII yPOBEHB 3IEKTPOMATHUTHON COBMECTHMOCTH TATOBOI CETH C CHCTe-
MaMH >KEJIE€3HOIOPOKHOM aBTOMATUKY U CBSI3H.
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Analysis of the Functioning of a Combined Active Filter
of a Sequential Type with Selective Links
for Direct Current Traction Substation

Ya. V. Shcherbak®, Yu. A. Semenenko®
YUkrainian State University of Railway Transport (Kharkov, Ukraine)

Abstract. The results of the studies of the combined active filter of a sequential type with a con-
tinuous control system for direct current traction substation traction are presented. In the structure
under consideration the aperiodic passive LC-filter operates in conjunction with the active one, the
operation principle of the latter is being based on the formation of the channel feedback system
of automatic voltage regulation of compensation of the variable component of the output voltage
of the substation. The structure of a control system of a combined active filter of the series type
has been proposed, which specific feature is the use of two parallel running circuits of feedback.
The first one generates a signal for compensation of the variable component in a wide range
of frequencies. The second one is built with the use of selective links that are configured to low
frequency, including the non-canonical harmonic voltage with large amplitude. As a result of analytical
studies the expression of the transfer function of the control system of the active filter of the series type
with selective link has been obtained. The logarithmic amplitude-frequency characteristics of the com-
bined active filter with and without selective link that had been determined clearly demonstrated the
higher efficiency of suppression of the non-canonical harmonics in the second case. In order to confirm
the reliability of the analytical results of the control system of the active filter a simulation model in
MatLab has been developed. The analysis of the combined active filter of the series type with selective
links demonstrated that its use is expedient for quality improvement of the supply the electric rolling
stock with direct current energy, also achieving the desired level of electromagnetic compatibility of
traction network with systems of railway automatics and communications.

Keywords: control system, transfer function, automatic control system, passive filter, electromag-
netic compatibility

For citation: Shcherbak Ya. V., Semenenko Yu. A. (2016) Analysis of the Functioning of a Com-
bined Active Filter of a Sequential Type with Selective Links for Direct Current Traction Sub-
station. Energetika. Proc. CIS Higher Educ. Inst. and Power Eng. Assoc. 59 (5), 418-426 (in
Russian)

BBenenue

Jis Hajge)kHOro (YHKIMOHUPOBAHUS CPENCTB JKEJIE3HOIOPOXKHOM CBA3U U
CHCTEM aBTOMAaTHKH, T[A€ BCE IIUPE HCIOIB3YIOTCS MHUKPOIPOIECCOPHEIC
YCTPOHCTBa, TpeOYeTCs CYIIECTBEHHO CHIDKATh HETATUBHOE BIMSHHUE TSITOBOTO
TOKa Ha PeNbCOBBIC IICTIH, BO3AYIIHBIC JTUHUU M APYTHE CPEACTBA YKa3aHHBIX
cucteM. [IpuunmHON TakWX BIMSHUN BBICTYNAIOT TAPMOHMKH TEPEMEHHOW CO-
CTaBJIIOILEH HAIIPSKEHUS M TOKA TATOBOM CETH, HCTOUHUKOM KOTOPBIX SIBJISIOT-
Csl BBIIIPSIMUTENIFHBIC YCTAHOBKU TATOBBIX MOACTAHIMH, a TaKKe IMOIBUKHOM
COCTaB C UMITYJIbCHBIM MOTPEOICHUEM IIEKTPUIECKOi sHepruu [1, 2].

B cuctemax anekTpocHaOXeHHUs EKTPUIECKOTO TPAHCHIOPTA MOCTOSHHOIO
TOKa Ha IOJACTAaHLMUSIX B KAUECTBE CIIIaKMBAIOIIUX YCTPOWCTB TPaIUIIMOHHO
MPUMEHSIOT JIeTEPMUHUPOBAHHBIE PEKEKTOPHBIE LENOYKH MAaCCHUBHBIX (HIIb-
TpoB [2, 3], KOTOpbIC COOUPAIOTCS U3 TOPOTrOCTOAIIMX PEAKTOPOB CHIOBBIX KOH-
JICHCATOPOB U JApoccelieil OObIOoi Macchl U TabapUTHBIX pa3MepoB. K Tomy xe
OHHM HE 00eclevnBaIOT JOCTaTOYHO PPEKTUBHOTO MOAaBIeHUs TapMOHUK. Ce-
TOMHS BO3HHKAET MOTPEOHOCTh B MpUMeHEeHHH Oosee 3((HEeKTUBHBIX METOIOB
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pelieHuss TPOOJIEeMbl TIO/IaBJICHUSI MEMIAIONIMX TapMOHHUK BBITIPSMIICHHOTO
HaMNpPsOKEHUS B IIMPOKOM JIMANA30HE YacTOT, B MEPBYIO OYEPE.lb 3TO OTHOCUTCS
K HEKaHOHMYECKHM TapMOHHKaM (cyOrapmoHnkam). Mcmonb3oBanne KOMOWHU-
POBaHHBIX aKTHBHBIX METOJIOB (DMIBTPAIUK, KOTOPhIE PEATH3YIOTCS TpPUMCEHE-
HUEM COCJIMHEHHBIX 0 ONPECIICHHON CXeME IMaCCUBHOTO U aKTHBHOTO (hUIIBT-
poB [4-10], mo3BosIeT MONABIATH 10 HEOOXOAWMOTO YPOBHS TIEPEMEHHYIO CO-
CTaBJISIOIYEO BBIXOJTHOTO HAIPSDKCHUS TATOBOU MOACTAHIINY MTOCTOSIHHOTO TOKA
BO BCEM JIMANa30HE YacToT.

OcHoBHasl YacTh

BrerxogHoe HampspkeHHE M-ITyJLCHOTO IMPeoOpazoBaTells XapaKTepU3yeTCs
NIKPOKHUM CIIEKTPOM TaPMOHHK C YaCTOTAMH, KOTOPBIE ONPEJENSIOTCS B 00IEeM
BUJIE 110 hopMmyJie

f,=f.mq, (1)

rae f. — JacToTa HampsHKCHUS CETH, MUTAIOIICH BBIMPSIMUTEIb; M — SKBUBAJICHT-
Hasl MyJbCHOCTh CXEMbI BBIIpMIICHUS; ( = 1, 2, 3, ... — MOPSIKOBBIA HOMEp
FapMOHUYECKOU COCTABJISIFOLIEH.

Kpome yka3aHHBIX TapMOHUK, MEPEMEHHAs COCTABISIONIAs BHIXOIHOTO
HATPSHKSHUS BBITPSIMUTEIST COJICPIKUT ellle U TaK Ha3bIBACMbIC HEKAHOHUYECKHUE
TapMOHMKH, aMIUTUTY/]a KOTOPBIX 3aBUCHT OT HECUMMETPUHU HAIPSDKCHUS TTHTa-
IOIIEeH CeTH, a TaKkKe COOCTBEHHOW HECUMMETPHUU TPaHC(HOpMAaTopa U BBIPSMHU-
TEJBHOW YCTaHOBKH. YacTOThl HEKAHOHUYECKUX TAPMOHUK KPATHBI YacTOTE IMH-
Taroreii cetu u pasusl 50, 100, 150, 200 T'ip u . 1. [4-6].

Jlns ananu3a paboThl KOMOMHHUPOBAHHOTO aKTUBHOTO (pusbTpa (AD) moce-
JIOBATEJILHOTO THIA PACCMOTPHM €ro CXeMy, MPUBEIICHHYIO Ha puc. 1.

Puc. 1. KoMOUHNPOBaHHBIN aKTUBHBIA (UIBTP ITOCIEAOBATEIHHOTO TUIIA
C HEMPEPHIBHON CUCTEMOMN yNpaBJIEHUS

Fig. 1. A combined active filter of a sequential type with continuous control system

[Ipennaraemplii KOMOMHUPOBaHHEIH (GuUIBTp MMeeT maccuBHyto 11D u ak-
tuBHYI0 AD coctarsrontue. [laccuBHas coctont u3 peakropa L u koHAeHCaTO-
pa C, koTopbie oOpasyroT anepuoguueckuii LC-GumbTp. AKTHBHAS 4acTh CO-
cTouT u3 ycunurens Y, Tpanchopmaropa T u cuctemsl ynpasnenus CY. Ilac-
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CUBHBIA (MIBTP TpPEIHA3HAYEH I CHIDKEHHUS aMIUTUTYJA BBICOKOYACTOTHBIX
TAPMOHHMYECKUX COCTABISIIOIINX HANPSHKEHHS BBIIPAMHUTENS, a ISt 3P PeKTHB-
HOT'O TOJIaBJICHHUS HU3KOYACTOTHBIX KAHOHWYECKMX M HEKAaHOHWYECKHX TapMo-
HUK HCIIONB3yeTcs akTUBHBIA (QrsTp. [lomaBrneHne mepeMeHHON COCTaBIIsO-
meit U, ocymiecTsiseTcss BHeceHneM depes Tpanchopmarop T (puc. 1) B 1ens
peaktopa L wmanpsbkenuss komnencanmu U, KOTOpoe MOIYYCHO YCHIICHUEM
copMHPOBaHHOTO CUCTEMOH yrpaBieHus curaana Uy,

Crpykrypa CVY npemigaraeMoro koMmOouHupoBanHoro A® mpeacraBiser co0oit
JIBE TMAapaJUIeIbHO PabOTarOIIUE IIEMHH, TepBas U3 KOTOPBIX COCTOMT M3 JlaT4MKa
mepeMeHHON cocTapisomneii Gi(p) u Koppektupyrorero 3seHa G(p) (puc. 2).
Bropas 1emnb — 01HO MK HECKOJIBKO CEJIEKTUBHBIX 3BeHbEeB G3(p), HACTPOCHHBIX
Ha TpeOyroue 0osiee 3PPEKTUBHOTO MOABICHUST HU3KOYACTOTHBIE TAPMOHUKH
HaTPSDKEHUS BBIIPSIMUTENS ¢ OOJBIIMMHA aMILTATYJaMH.

U,

— Gi(p)

U, + Uy
—>  Gi(p) Ga(p)

Y

+

Puc. 2. CTpykTypHas cxema CUCTEMBbI yIIPaBICHUS KOMOMHHIPOBAHHOTO aKTUBHOTO (PUIBTPA
HOCJIe/I0BATEIbHOTO TUIIA

Fig. 2. Block diagram of the control system of a combined active filter of a sequential type

[epenarounas pynkuus CY npejiaraeMoro koMmOuHUpOBaHHOTO AD

W (p) =G,(p)G,(p) + Gs(p), )

rae Gi(p), G2(p), Gs(p) — mepemarounsie PyHKIHH, ONPEAEIIEMbIe Kak:

T.p
G,(p) =—2"—:
1(P) T,p+l
T,p+1
G =3
»(P) T,p+1
Top
G = 0 .
3(p) T02p2 N 2(276[? 41 (3)

[ToactaBuB cootHommenus (3) B (2) u npeoOpa3oBaB HX, MOJIYIUM BBIpaXKe-
Hue nepeaaroyHoi pynkuu CY komOuHnpoBanHoro AD

T p(T,p+1 T
W (p) = 1p(Tzp +1) TR 0P _
(p+D)(T,p+1) Typ +28T,p+1
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CTTTE P (AT T T, + T T8 + T, 1) 0% +
T,T,T2p* + (T,T +T,T7 + 26T,T,T,)p° +
+ (T + 28T, Ty + T T, +ToT,) p>+ (T, +Ty)p
+ (T02 +2ET,T, +28T,T, +T2T4)P2 +(28T,+ T, +T))p+1 .

(4)

Jlst cortacoBaHUs W YIIPOIICHUS 3amucy nepenaroanoit ¢pyakimu CY BBe-
nem kodpdunmenTsr Ay, Ay, Az, A4, As, As, A7, As. llocne 3Toro ypaBHeHue (4)
MPUMET CJIETYIOIINI BU/I;

4 3 2
W(p)= AP AP A A
Asp"+ AP+ AP+ Ap+l

rie Ay, Az, Az, Aa, As, As, A7, Ag — K03 PUIHEHTBI, OTIpeesIeMbIE CICAYIOITIMH
3aBHCHMOCTSIMH:

®)

A =TTTZ; A =2TT.T, +T T +T,T,T,;
A =TT, + 26T T + T, T, +T,T,; A =T, +Ty;
A =TT, T A =T, T8 +T,T7 + 2ET,T,Ty;
A, =T + 26T, T, + 26T, Ty +T,T,; Ay =2ET, +T, +T,.

Jlyis mepexoaa oT OnepaTopHOro K KOMIUIEKCHOMY BHJY 3aIlMCH IIepPelIaTou-
HOH (hYHKIIMM CHCTEMBI YIIPABJICHHUS MTOACTABIISIEM B ypaBHEHHE (5) BMECTO OITe-
paropa Jlamnaca p npousBenenue jo. Takke npeodpasyeM ero K By, He00X0-
JUMOMY JJIsS pacdera Jiorapu(MUYECKOW aMILTUTYAHO-YACTOTHOW XapaKTepu-
cruku (JJAUX) CV kombunupoBanHoro AD

OA—- JoA-0A+ joA

W(jw)= .
(Jo) OA-joA-0A+ joA+1

(6)

Jus moctpoernns JIAUX CY xomOunupoBanHoro A® kosduiueHT nepe-
naun (1b) paccuuTaH B COOTBETCTBUU C YPaBHCHHUEM

K(@)=20lg J (©'A -0’ A +(joh, - jo'A)’ -

(@' A — 0 A +1)° + (joAy — jo’A)*

JIAYX CY xoMOMHHPOBAHHOTO (UILTpPA, MIPEACTABICHHBIC HA PUC. 3, TIOI-
TBEPXKIAIOT yBenuueHne koddduimenta nepenaun CY Tpu HCIIONB30BaHUU
CCJICKTUBHOTO 3BEHA, HACTPOCHHOTO HA HEKAHOHWYECKYH) TapMOHHKY 4YacTo-
Tor 100 I'm.
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JIisi IPOBEPKHM M TOATBEP)KACHHS JOCTOBEPHOCTH PE3yJbTATOB aHAIIUTH-
YECKHX HCCIIeN0BaHuil KoMOuHHpoBaHHOTO AD pa3zpaboTany WMUTALMOHHYIO
momenb B cpeae Matlab (puc. 4). B maHHO#N KOMIBIOTEpHOW MOAETH OJIOK
Substation umuTHpyeT paboTy MCTOYHHMKA Tpex(a3HOTO HANMPSHKEHUS M IIec-
THITYJIbCHYIO CXEMy MOCTOBOTO BBINIPSIMUTEINS. BTopuuHas 0oOMOTKa TpaHc-
dopmaropa T, ciyxkaluero [isi raTbBaHUYECKOH Pa3BsI3KM CHIOBOM YacTH CXe-
MBI M ycunutens Signal, BKIIFOYeHa MOCIIeOBATEIBHO C PEaKTOPOM IMACHBHO-
ro LC-dunbtpa.

a b
K, 1B KzlgB ; 1P Sl
40 — 35 |"| A
30 / 30 I r,’(
/ 25 [ /
20 v 20 i /
£ 15 -
10 V4 10 i __.f"
0 / ffu 5 ff
—T 10 ’ / |/ f FL[
— 0, —— A '
_108 100 | |]1000) [ 10000 5 10— 100 1000 10000

Puc. 3. JlorapudMuueckie aMIUINTYTHO-4aCTOTHBIC XapaKTEPUCTUKH CUCTEMbI YyIIPABICHUS
KOMOWHHMPOBAHHOTO aKTUBHOTO (HiIbTpa 6e3 CeIeKTHBHOIO 3BeHa (a)
H C yueToM ero aeiicteus (b)

Fig. 3. Logarithmic frequency response characteristics of a control system
of a combined active filter without a selective link (a) and based on its action (b)

»
_.
- To Workspace
Powergui
-Continuous
,

0.00159155+252+2+0.01°0 001531555+1 nd

G1(p) Ga(p)

Gs(p)

0.00159155s

h

Substation

+

1. .

Puc. 4. Moenb KOMOMHUPOBAHHOTO aKTUBHOTO (PUIIBTPA MOCIEI0BATEIBHOTO THITA
B cpene MatLab

Fig. 4. Model of a combined active filter of a sequential type in MatLab

OcuutorpaMMbl BBIXOTHOTO HAINPSDKEHHS M AWArpaMMBl €T0 CIIEKTPabHO-
r0 COCTaBa NPH aKTHBHO-MHIYKTHBHON HarpysKe TSATOBOH IMOJCTAHIUH MOCTO-
STHHOT'O TOKa TPeICTaBIICHbI HA pUC. 5.

[TokazaTenn mEepeMEHHON COCTaBIIONIEH W KOI(P(GUIIMEHTA ITyJIbCAIIHA
Hanpsokenust (THD) mpu pasnuuHbIX BapHaHTax (QHIbTPYIOIIMX YCTPOWCTB
MIPUBEICHBI B Ta0I. 1.
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a b
Selected signal- 1028 cycles sisEmiarr] EeEe
200 3300 ‘ ‘ ‘
3600 3388
3500 3386
3400 3384
3300 3382
3200 L ' L ' L A 3380
20 2002 2004 2006 2008 201 20 2002 2004 2006  20.08 201
Time (s) Time (s)
DC component = 3387 , THD= 3.94% DC component = 3387 , THD=010%
01
25 _
B S 0.08
E 2 g
g g 0.06
(‘; 15 8
[=] (=]
s 4 5 0.04
E 05 g 0.02
0 n I | 0 I - ] -
0 200 400 600 800 1000 0 200 400 600 800 1000
Frequency (Hz) Frequency (Hz)
¢
Selected signal: 1040 cycles
3387
3386
3385
3384
2‘0 ZUfUZ ZU,‘UA ZU,‘[]E ZU,‘UH 26,1
Time (s)
DC component = 3387 , THD= 0.03%
0.03 T T T T
%‘ 0.025
g 0.02
é 0.015
:g 0.01
£ 0008 I
0 " | “
0 200 400 600 800 1000
Frequency (Hz)
Puc. 5. OcumnnorpaMMsl U CIIEKTPaIbHbIM COCTaB BHIXOHOTO HAIPSKEHUS
HPH UCTIOJIb30BaHKHU: a — maccuBHOro LC-dunbrpa;
b — maccusnoro LC-¢puibTpa 1 akTHBHOTO PUITBTPA;
¢ — naccuBHOTrO LC-QuibTpa U aKTUBHOTO (QHUIBTPA € CeNEeKTUBHBIM 3BeHOM 100 I’y
Fig. 5. Waveforms and spectral composition of the output voltage using:
a— LC-passive filter; b — LC-passive filter and an active filter;
¢ — LC-passive filter and an active filter with a selective link 100 Hz
Tabauya 1
CpaBHHUTeJIbHbIC IOKA32TeJIH PA3HBIX BUA0B (PHIBTPYIOIUX YCTPOHCTB
TATOBOI MOACTAHLIMH
Comparable figures of different kinds of filtering devices of a traction substation
CpaBHUTENBHBIN OKa3aTeNb, %
dunstp THD
Ut =100 Us =200 Ut =300
o 2,500 2,300 2,000 3,94
10 + AD 0,900 0,010 0,030 0,10
[1® + AD c ceneKTHUBHBIM 3BEHOM 0,027 0,006 0,014 0,03
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BBIBO/J]

[IpoBeneHHbI aHATN3 KOMOMHUPOBAHHOTO aKTHBHOTO (pUIBTpA MOCIEI0Ba-
TEJIFHOTO THIIA ITOKA3aJl, YTO MPUMEHEHHE €ro IIeIeCO00pa3Ho Ul YITydIIeHNS]
Ka4ecTBa JIEKTPUIECKON SHEPTUH MOCTOSIHHOTO TOKa, KOTOPOE JOCTHraeTcs 3a
CYET KOMIICHCAIIMM TapMOHHK BBHINPSIMICHHOTO HANPSDKEHUS TATOBOW MOJCTaH-
IIMM B IIMPOKOM JHAIA30HE YacTOT, B TOM YHCIIE U HEKAHOHHMYECKUX TapMOHH-
YeCKUX COCTABIIOMUX. TakuM oOpa3zom, obecriednBaeTcss HEOOXOIUMBIH Ypo-
BEHb 3JIEKTPOMArHUTHON COBMECTHMOCTH CHCTEMBI TATOBOTO AJIEKTPOCHaOKe-
HUS C DJICKTPHYECKUM TTOJIBIKHBIM COCTABOM U CPEJICTBAMH XKEJIE3HOJOPOKHOM
CUT'HAJIM3AIMH, [EHTPATN3aliH, OJIOKUPOBKH M aBTOMATHKH, a TAK)KE CO CMEX-
HBIMH 3JICKTPOYCTaHOBKaMHU.
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