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B cIOXXHBIX 9HEPTeTHUECKUX CHCTEMax MCIIOIb3YeTCsl OOBbIIOE KOJMIECTBO PA3IMIHBIX ITOTpeOHTENeit ¢
HEJIMHEIHOW Harpy3Koi, B OCHOBHOM SIBJISIFOIIMXCSI CJIOHBIMH TEXHUYECKUMH W JOPOTOCTOSIINMH YCTPOHi-
cTBaMHU. [13-3a HETMHEHHOCTH Harpy3KH TaKUX NOTpeOUTENIeH B CETH BOSHUKAIOT 3JIEKTPOMArHUTHBIE TIOMEXH,
KOTOpBIC HEraTHBHO BIUIOT Ha paboTy. BenencTBue mMx BO3IEHCTBHA 3a4acTy0 MOTYT 3HAYNTEIHHO CHU-
JKaThCS KAYECTBO CHUTHAIOB M MUTAHKA, a TAKXKE CPOK CIYKOBI YCTPOHCTB. M3-3a 3JIeKTPOMarHUTHBIX IOMEX,
BO3HHUKAIOIUX B CJJA00TOYHBIX CUT'HAJAX YIPABIICHUS CUIIOBBIMHU JIEMEHTaMH, CYILIECTBYET BEPOSTHOCTh BO3-
HUKHOBEHUSI KOPOTKOTO 3aMbIKaHMsI B MPeo0pa3oBaTelsiX 4acTOThl, KOTOPOE NMPHUBOIUT K HOJHOMY BBIBOIY
YCTPOMCTBA U3 CTPOSL. J|JIsl CHYDKEHUS! BIUSHUS JJIEKTPOMArHUTHBIX IIOMEX Ha IIPUOOPHI 3a4acTyI0 MPUMEHSIOT
MIACCUBHYIO IUOO0 aKTUBHYIO (PUIBTPALUIO.

JlaHHasi cTaThs MOCBALIEHA Pa3pabOTKE M MPOEKTUPOBAHHIO IKCIIEPUMEHTAJIBHOrO 00pa3la akTUBHOTO
(unbTpa U MCHONB30BAHUS €TI0 B CIa00TOYHBIX IETAX MpeoOdpa3oBaTeNeld 4acTOTHI, a TakkKe pa3paboTke
JITOpUTMa pabOTHI CUCTEMBI YIIPABJICHNS aKTUBHBIM QHIBTPOM. MeTo nccie1oBaHus 3aKIII0dacs B 0030pe
CYIIECTBYIOIMX PElIeHUH, 4TOObI IOHATh, KaK PabdOTAIOT aJrOPUTMBI Ha JpYyrux ycrpoicreax. Cucrema
YIOpaBJICHUs, MOA KOTOPYIO pa3padaThIBaiCs alIrOPUTM, pealu30BaHa Ha OTIAJOYHOI IulaThopme
STM32F411E-DISCO. Takoe pemieHue Mo3BOIUT MIPEOJOIETh MPOOIEMBI, BOSHUKAIOIIIE B IPOIECCE peal-
3aliK YCTPOUCTBA aKTUBHOTO (DUIIBTpA.

Anroput™ paboTHI U1 JaHHOTO GIIBTpa pa3padareiBajics B mporpaMmmHoM komiuiekce MATLAB, 6naro-
Jlapsi 9eMy HeT HeoOXOIMMOCTH B €To JajlbHEHIeM MepeBo/ie B KO Ha si3bike C++, KOTOPHBIH 3arpykaercs B
MHUKPOKOHTPOJLIED.

Knioueevie cnosa: nomexu, cucmema ynpaseieHus, NpOSPAMMUpOBAHUe, MOOEIUPOGAHUE, AKMUGHbIU

Quremp.

Bnusinue QJICKTPOMArHUTHBIX TMTOMEX Ha CJIOXK-
HbIC TEXHHYECKHE YCTPOMCTBA 3a4aCTyi0 MOXKET
BbI3BaTh HETATHUBHBIC MOCIEACTBUs (YXYALICHHE
Ka4yeCTBa CUITHAJIOB W TMHWUTaHUA, YMCHBLIIICHHEC
CpoKa CIyXObl YCTPOWCTB M pa3iU4YHBIC IIO-
JIOMKH), & Ha cJ1ab0TOYHBIC CUTHAJIBI YIIPABICHUS
CHJIOBBIMH KJIIOYaMH B IpeoOpa3oBaTeisiX da-
CTOTBI MOKET MPUBECTH K KOPOTKOMY 3aMBIKAHHUFO
Y TIOJIHOMY BBEIXOJY M3 CTPOS BCETO Ipeodpa3oBa-
TCIA. qTO6LI MHWHHUMU3UPOBATH BJIUAHUE IJICKTPO-
MAarduTHBIX ITOMEX, HeO6XOHI/IMO MIPUMCHATb HX
(rIbTparmIo.

B nmaHHOH cTaThe OMUCHIBAIOTCS pa3paboTaH-
HBIN aBTOpaMH IKCIIEPUMEHTAIBHBIH 00paselr cia-
0OTOYHOr0 aKTUBHOTO (DMIIETPA U AITOPHTM €ro
paboTel. B KadecTBe OTIaOYHON IDTaT(OPMEI, Ha
KOTOpO#l OyZeT peajuM30oBaHa CHUCTEMa yIpaBiie-
HUS, IUIAHUPYETCsl MPUMEHEHUE YCTpOMCTBa Ha

MukpokoHTposuiepe STM32F411 ¢ simpom ARM
Cortex-M4. B paGote [1] naHHOE pelieHHE IS
VIIpaBICHUS HMHBEPTOPOM IOKA3aJ0 OBOJBHO
CTa0MIBHYIO paboTy. Mcnoiap30BaHme Takoi oTiIa-
JOYHOM mIaTOpMBI B YCTPOWCTBE AKTUBHOTO
(GUIBTPa MTO3BOJIUT YAOBIETBOPHUTE BCE €0 (YHK-
[OHaNbHBIE MOTpeOHOCTH. CocTaBieHHE anro-
puT™Ma paboThl GUIBTPA U €T0 OTJIAAKA IIAHUPY-
10Tcs B nporpamMmmMHoM komriekce MATLAB, kak
u B pabote [2]. laHHBIH KOMIUIEKC 00Ja1aeT 00-
MIAPHBIM (YHKITHOHAJIOM, YIOOHBIM Ipeobpaso-
BaHHMEM CTPYKTYPHOTO JITOPUTMA B KO/ Ha SI3BIKE
C++ g nanmbHeHmiel ero 3arpy3kd B MHKpO-
KOHTPOJIIEP, a TAK)KE BO3MOKHOCTBIO OTIIAIKH aJl-
ropuT™Ma paboThl B cpelie MMHUTAI[HOHHOTO MOJIe-
mupoBanust Simulink. Ha ocHoBanuu 3TuX paboT
OBLI c/IeNIaH CPaBHUTEIIBHBIN aHaIH3 3apyOeKHBIX
aHaJIOTOB pa3pabaThIBAEMOTO YCTPOMCTBA.

159


mailto:sobolev.alexandr1496@gmail.com

TIpoepammmvie npooykmul u cucmemot / Software & Systems

1 (36) 2023

Pa3paboTka annapaTHoi 4yacTH

Peanm3anus cucTeMbl akKTUBHON (DUIIBTpaIiu
ObUIa OCYILECTBICHA BHEAPCHHUEM KOHTAKTHOM
TPYIITBI UCTIOJTHUTENBHBIX 3JIEMEHTOB (DWIIBTPA B
LeNb YIOpaBICHUS MpeoOpa3oBaTesi YacTOTHI.
[Ipu BO3HHUKHOBEHHU MIOMEX B TAHHOM IIETTH KOH-
TaKTHas TPYIa 3aMbIKacT HY)KHYIO JIOPOXKKY Ha
3eMJTI0, TEM CaMbIM TPEAOTBpaIias KOPOTKOE 3a-
MBIKaHUE TIPU OJHOBPEMEHHOM OTKPBITHH JIBYX
CHJIOBBIX KITIOUEH.

bmwxkalimuvu  aHanmoramMu  TIpeIaraeMoro
YCTPOMCTBA SIBISIOTCS AKTHBHBIC (DHIIBTPHI:

— VLT Advanced Active Filter (AAF 006),
MTO3BOJIAIONINHA  (PHIIBTPOBATh HEMOCPEACTBEHHO
MUTAIOINN TOTPEOUTEIIST CUTHAIT, HA KOTOPBIA MO-
T'YT HaKJIaJbIBATHCSA TIOMEXH; paboTaeT ¢ TOKaMH
10 400 A u nuanazoHom HanpsbkeHuit 380480 B;

— ABB AccuSine PCS+, Takxe mo3BOJsO-
U GUITETPOBATH JIUIIIH ITUTAIOIIHNA TOTPEOUTEIIS

curHai, paboraet ¢ Tokamu 10 300 A u B anamna-
30He Hanpsbkenuit 380—480 B.

[IpenmyriecTBO peCTaBIEHHOTO YCTPOHCTBA
3aKJII0YaeTcs B TOM, YTO JAHHBIA QUIBTp OymeT
paboTaTh HEMOCPEACTBEHHO B YIPaBIIOLIEH
LIeTTH HHBEPTOPa U B CITy4ae BOSHUKHOBEHUS B HEH
JJIEKTPOMArHUTHBIX TIOMEX ITO3BOJINT COXPAaHHTh
LENOCTHOCTD JAOPOTOCTOSAIINX CHIIOBBIX 3JIEMEH-
TOB YacTOTHOTO NpeoOpa3oBaTens, a 3TO 3HAUH-
TEJILHO MOBBIIIAET €T0 HA/ISKHOCTb.

s obecriedyeHusT TaabBaHUYECKOW Pa3BA3KH
CHJIOBOM YacTH CXEMBI M CHCTEMBI YIPaBICHHSA
ObUIM UCNONIB30BaHbl onTonaps! [3]. IIpunnunu-
aJlbHasi CXeMa YCTPOWCTBAa aKTHBHOTO (DHIIBTpa
HM300pakeHa Ha pUCYHKE 1.

Jnst  cucreMbl yIpaBleHUs peau3yeMOoro
ycTpoiicTBa ObUia BBIOpaHa OTJIANOYHAs IUIAT-
dhopma STM32F411. STM32F411E-DISCO - 3to
OTJIaJI0OYHas TuIaTa u3 cepuu Discovery nponsBoj-
ctBa ST Microelectronics At U3y4eHHUsI BO3MOXK-
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Puc. 1. [lpunyunuanvras cxema ycmpoucmea akmusHo20 Quibmpa

Fig. 1. A schematic diagram of the active filter
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HocTel MukpokoHTposiepa STM32F411 ¢ smpom
ARM Cortex-M4 [4].

IInara BkarO4YaeT B cebsl Bce HEOOXOAMMOE ISt
OBICTpOTO CTapra pa3pabdOTKH: BHYTPUCXEMHBIN
nporpammarop ST-LINK/V2, rupockor, 3iek-
TponHuslid komnac, ST MEMs nudpoBoit Mukpo-
¢on, aynuollAIl ¢ uHTErpUPOBAHHBIM JpaifBepoOM
nuHaMHKOB kiacca D, passem USB OTG micro-
AB, cBeToa¥OABI U KHOMIKH (pHC. 2).

B kadecTBe CHJIOBBIX HCHOJTHUTEIBHBIX HJIc-
MeHTOB ucnoibs3oBanuck MOSFET-tpan3uctopsl
IRFD110PBF [5, 6], obGsianaromide BBICOKHM
OBICTPOACHCTBHEM U CJICIYIONIMMHU XapaKTepH-
CTHKaMH: CTPYKTypa — N-KaHaJ; MaKCHMallbHOE
HanpspkeHne cTok-uctok Ucu, B — 100; makcu-
MaJIbHOE HAIpsHKeHUE 3aTBOp-uCTOK Usu Makc.,
B — 20; compoTuBieHHE KaHANa B OTKPBITOM CO-
crostann Rew Bra. (Make.) mpu Id, Rds (on) — 0.54
OMm/0.6 A 10 B; makcumanbHas paccenBaemas
MourHocTs Pcu makce., Bt — 1.3; kpyTusHa xapak-
tepuctuky, S — 0.8; MakCHMaJIBHBIA TOK CTOK-HC-
tok npu 25 C Icm makc., A — 1, xopmyc —
HVMDIP-4; noporoBoe HamnpsikeHHE Ha 3aTBOPE,
B -4;Bec,r—0.6.

Pa3pa0oTka nporpaMMHOro pemeHus
B kauectBe mimaTgopmbl, Ha KOTOPOW MMPOEKTH-

poBajicsa aIropUTM PabOTHl CUCTEMBI YIIPABICHHUS
aKTHUBHOTO (punbTpa, Ob1 BeIOpan MATLAB, a

HUMEHHO cpena monenuposanus Simulink [7], xo-
topas BxonuT B maker MATLAB. Ona uneansHo
MOJIXOIUT JUIS CO3[AHUSI MOJeNIel U arOpUTMOB
pabOTHI CIIOKHBIX JIEKTPOTEXHUYECKHX CHCTEM,
TaK KaKk UMeEeT OOMIMPHYI0O HHCTPYMEHTAJIHHYIO
0a3y. YnoOcTBO paboThI C JaHHOU cpelmor Moje-
JMpOBaHUs olecrieunBaeT rpaduyeckuil MHTEp-
(hetic, KOTOPHIH TaeT BO3SMOXKHOCTh CO3/1aBaTh Pa3-
JUYHBIE auarpamMmel W anroputMbl.  Simulink
TaKKe MMEeT OIPOMHBIA BBIOOpP OMOIHMOTEK, CO-
CTOSIIIUX M3 HACTPaWBaEMBIX OJIOKOB, YTO MO3BO-
JISIeT 10 Meodeil mpopabaThIBaTh CHCTEMY.

[Ipn coBmecTHOW pabote Simulink u apyrux
IporpaMMHbBIX HHTepdeiicoB maketa MATLAB
MOSIBIISIETCST BOBMOXKHOCTh ABTOMATHYECKH T'eHe-
PHPOBATh UCXOIHBIH KOJ CO3IaHHBIX AJITOPUTMOB
Ha s3bike C++ Ui peanu3anu CHCTEMBI B pe-
KIMe peansHoro BpemeHu. [lpumep unTepdeiica
cpensl MoenupoBanus Simulink npencrasien Ha
pucynke (cm. http://www.swsys.ru/uploaded/im-
age/2023-1/2023-1-dop/4.jpg).

Beioop MATLAB/Simulink  o6ycmoBien
Haln4reM (pyHKIMU reHepaluy Kojaa, TO ecTh 0e3
0COOBIX HABBIKOB IPOTPAMMHUPOBAHUS MOXKHO 3a-
JaTh HEOOXOAMMBIN anroputM paboTHI IS CH-
CTEMBl YIPABJICHUS U CKOMIMIMPOBATh AJIS Hee
KOJI, TeM OoJiee, YTO BCe MPEbIAYIIIE MOAETH CH-
CTeMBI OBITH CO31aHBI IMEHHO B 3TO# cpee [8].

Jus peannzaru [10 cuctems! yripaBieHuUs ak-
THBHBIM (DMJIBTPOM HCIIOJB30BAJICS MpOrpaM-
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Puc. 2. Buewnuii 6ud omaadounoii niamepopmur STM32F411E-DISCO
Fig. 2. The appearance of the STM32F411E-DISCO debug platform
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Puc. 3. Pesynemamol usmepenuii 6e3 akmusnozo uibmpa (ciesa) u ¢ akmusHuiM Quibmpom (cnpasa):
@) MoK HazpysKu, 0) MOK aKMUHO20 PUILMPA; 8) MOK UCMOYHUKA, 2) HANPA’CEHUE UCIOYHUKA

Fig. 3. Measurement results without an active filter (left) and with an active filter (right):
a) load current; 6) active filter current; &) source current; 2) source voltage

== Load Cument Measurement.!

2" Load Cument Measurement.3

MHBIH koMIuiekc MATLAB. Cravana 611 paspa-
00TaH CTPYKTYPHBIH aJITOPUTM PabOTHI aKTUBHOT'O
¢unbTpa [9]. O6IMiA BU MOIEIH NPECTABICH Ha
pucynke (cm. http://www.swsys.ru/uploaded/im-
age/2023-1/2023-1-dop/5.jpg).

ITpunmun ero paboTel OCHOBaH Ha CPaBHEHUH
BXOALICIO CHUT'HaJla YIIPABJSIOMINX KaHaJIOB aK-
TUBHOTO (PHUIIBTpA C STAIOHHBIM 3HAYCHUEM, KOTO-
poe SIBISIeTCS 3aKOHOMEPHOCTBIO U 33/1a8TCs BPYU-
Hyto [10]. Ilpu Hanu4uuu OTKIOHEHWH Mojxaercs
CHUTHAJ Ha 3aTBOPHI KIIIOUCH, OHHU CpadaTHIBAIOT, U
MOSIBUBIIIMECS] TIOMEXH OTBOISTCS W3 OCHOBHOM
LeTH.

JlanHbIi anroput™ ObLT MpeoOpa3oBaH B KOJ
Ha s3pike C++ Uit ero AanmbHEHIIeH 3arpy3Kd B
cuctemy ympasnenus [11]. anee mpencraBieHa
YacCThb JJUCTUHIA JAHHOI'O KOJa:

/*
* File: finvert.c

*

* Created with Waijung Blockset
*

*

Real-Time Workshop code generated
for Simulink model finvert.

*

* Model version 1.16

* Real-Time Workshop file version
8.10 (R2016a) 10-Feb-2016

* Real-Time Workshop file generated
on : Thu Jul 07 23:23:52 2022

* TLC version 8.10 (Jan 14 20106)

* C/C++ source code generated on
Thu Jul 07 23:23:54 2022
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*

stm32f4.tlc
selection: ARM

* Target selection:

* Embedded hardware
Compatible->Cortex - M4

* Code generation objectives: Unspec-
ified

* Validation result: Not run

*/

Pesynbpratel MonmenupoBanus B cpere MAT-
LAB/Simulink [12] (puc. 3) noarBepannu s dek-
TUBHOCTb Pa3pa00TaHHOTO aJITOPUTMA, HCITOJb3Y-
€MOT0 TSl YIIPaBJICHHS OTIIaI0YHOI I1aThopMoii.

3akiouenne

B nanHO#1 cTathe omucana pa3paboTKa dKcIie-
PUMEHTAIBHOTO 00pasiia akTUBHOTO (puibTpa u
aIroput™Ma ero pabotel. CucTeMa yHpaBICHUS
(¢upTpa peanr3oBaHa Ha OTJIAJOYHOW MIaTdop-
Me STM32F411E-DISCO, a cumoBasg 4acTh —
Ha BbIcOKOCKOpocTHBIX MOSFET-1pansucro-
pax IRFD110PBF. Anroputm pa®oTbl CHUCTEMBI
VIpaBJICHUS COCTAaBIIEH B MPOTPAMMHOM KOM-
mwiekce MATLAB. TectupoBanue paboTHl airo-
pHUTMa MPOBEICHO B Cpejie MOJeaupoBanus Simu-
link u mokasano ero BbICOKYIO 3PPEKTHBHOCTD.
JlaHHBII anropuT™ B JasbHEiIIIeM Ol peodpa-
30BaH B KOJ Ha s3pike C++ 1 moceyromeit 3a-
Ipy3KH B oTianounyro miathopmy STM32F411E-
DISCO. Aranu3 paboT Apyrux aBTOPOB TTO3BOJIHIT
VIPOCTUTh OTAEITbHBIE MOMEHTHI pa3pabOTKH H
peanu3anuy 1 n30eKaTh HEKOTOPHIX OLIHOOK.
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Integrated development of software and hardware components of the frequency converter
filter for operating in power-limited ship networks
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Abstract. Complex energy systems use a large number of different consumers with a non-linear load. Most
of them are complex technical and expensive devices. Due to the non-linearity of the load of these consumers,
electromagnetic interference occurs in the network, which negatively affects the correct operation of such
equipment. Due to the impact of electromagnetic interference on the operation of complex technical equipment
operating in large power systems, a decrease in the quality of signals and power, as well as a noticeable decrease
in the service life of devices affected by interference, can occur. In frequency converters, due to electromag-
netic interference in low-current control signals of power elements, there is a possibility of a short circuit,
which will lead to a complete failure of the device. To reduce the effect of electromagnetic interference on
devices, passive or active filtering is often used.

This article discusses the development and design of an experimental sample of an active filter to use in
low-current circuits of frequency converters, as well as the development of an algorithm for the operation of

163


https://search.crossref.org/?q=10.24143%2F2073-1574-2021-2-82-89&from_ui=yes
https://search.crossref.org/?q=10.24143%2F2073-1574-2022-2-73-79&from_ui=yes
https://search.crossref.org/?q=10.1016%2Fj.egyr.2020.11.027&from_ui=yes
https://search.crossref.org/?q=10.1109%2FTPEL.2009.2016097&from_ui=yes
https://search.crossref.org/?q=10.1016%2Fj.fusengdes.2020.112076&from_ui=yes
https://search.crossref.org/?q=10.1109%2FElConRus51938.2021.9396369&from_ui=yes
https://search.crossref.org/?q=10.1360%2FN972014-01235&from_ui=yes
https://search.crossref.org/?q=10.1109%2FElConRus54750.2022.9755750&from_ui=yes
https://www.mathworks.com/matlabcentral/fileexchange/62006-three-phase-shunt-active-power-filter-using-dq0-transformation
https://www.mathworks.com/matlabcentral/fileexchange/62006-three-phase-shunt-active-power-filter-using-dq0-transformation
https://search.crossref.org/?q=10.3390%2Fen14010220&from_ui=yes
https://search.crossref.org/?q=10.1109%2FRPA53216.2021.9628669&from_ui=yes
https://search.crossref.org/?q=10.1109%2FRPA53216.2021.9628669&from_ui=yes

TIpoepammmvie npooykmul u cucmemot / Software & Systems 1(36) 2023

an active filter control system. The research method is to review existing solutions in order to understand how
the algorithms are implemented on other devices. The control system, the algorithm was developed for, is
implemented on the debugging platform STM32F411E-DISCO. Such solution will make it possible to meet
all the emerging needs that arise during the implementation of the active filter device.

The creation of the operation algorithm for this filter was carried out in the MATLAB software package.
Due to this solution, it becomes possible to create an operation algorithm without additional difficulties asso-
ciated with the further translation of the algorithm into C++ code loaded into the microcontroller.

Keywords: active filter, interference, control system, programming, modeling.
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