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Beenenne

B HacTosmee Bpems cucTeMsl Ha 0a3e mporpam-
MHUPYEMBIX  JIOTMYECKMX  HHTErpajbHBIX  CXEM
(IIJIUC) pa3nuuHBIX U3TOTOBUTENEH BCE LIMPE MPH-
MEHSIOTCS B peaau3aluu pa3INuHbIX CUCTEM yIpaB-
neHus u cobopa nanueix. Ecnu pansie na I[JIMC ne-
peKJIabIBAINCh TOJIBKO OTHENbHBIE (YHKIUH, Tpe-
Oyrolue anmapaTHOW pean3alyu: >KECTKOH mpu-
BSI3KM KO BPEMEHH, MapaJIeIbHBIX PacueTOB OJHO-
THIHBIX (YHKIUH, BBICOKOCKOPOCTHBIX (HIBTPOB
JUJIL CHCTEM YIpaBJICHHS 3jeKTpompuBonom [1, 2],
cucTeM cbopa TaHHBIX M CHCTEM 3aIIUT SJIEKTPOIPH-
Boaa [3, 4, 5, 6], to coBpemenusie [IJIMC mo3Bo-
JIAIOT HE TOJIBKO PEalIn30BaTh OTACIHHBIC JIIEMEHTHI
CXEM YINpaBJI€HUs, HO M PEeanu30BaTh CHUCTEMY Ha
KpHCTaJUle B IIEJIOM, II09TOMY YCTpoiicTBa Ha Oa3se
HHTETPAJbHBIX CXEM CIEIUaIbHOrO0 Ha3Ha4YeHUs,
tak Ha3piBacMbie ASIC-cxemnl Ha ocHoBe IIJIMC,
nosly4yaroT Bce Oousbluee pacrnpocTtpanenue [7, 8],
TaK)k€ BBI3BIBAIOT MHTEpEC pabOTHI, MOCBALICHHBIC
nepeHocy d9acTd (GYHKIWH, OTBETCTBEHHBIX 3a

TreHepaluio UMITYyJIbCOB yIPaBICHUS HHBEPTOPOM Ha
[JimcC [9, 10].

EMKOCTh M BBIUHCIUTENbHAs MOIIHOCTh COBpeE-
MenHbIX [TJIMC, a Takxe BO3MOXHOCTb NPUMEHSTh
JUIsL pellleHHs OTIENbHBIX 3ajaad soft-mporeccops,
cobupaembie Ha kpucramie [TJIMC, xoTopslie, He-
CMOTpS Ha TO, UTO 3aHUMAIOT YacTh pecypcos IIJINC
n paboTalT MeJJIeHHEee, YeM OT/IEIbHO BBITTOJHEH-
HBIE MPOIECCOPHI, HO MO3BOJSAIOT MCIOIB30BATh HX
nporpaMMupyemMble pyHKIHH, HEOOXOAMMBIE B OT-
JeIBHBIX CITydasx, MO3BOJISIET PEaln30BaTh MOJIHO-
LeHHYI0 cucTemMy Ha Kpucrtamie (SOC — System-on-
chip).

Annapatnas peaaudauus AUH

OyHKIMOHANIbHAS CX€Ma aBTOHOMHOIO HHBEp-
Topa HamnpsokeHus Ha 0Oasze I[TJIMC ¢ oCHOBHBIMH
BXOJHBIMU U BBIXOJAHBIMM CHUTHAJIaMU CUCTEMBI
yHpaBieHHs peoOpa3oBaTeiieM MpUBEJeHa HA pHUC.
1.

BxomHBIMU CHTHazaMu [UIsl CHUCTEMBI yIpaBiie-
HUs SBISAIOTCS CUTHANBI C JATYUKOB TOKa (ig) |
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HanpsKCHU (Ud) BBIIIPAMUTECIIA, UCIIOJIB3YCMBbIC IJIsL
pcajan3zanuv 3allUT BbIIPAMUTCIBHOI'O 3BC€HA IO

Puc. 1. CDyHKL;uOHa]ZbHa}Z cxema asmoHOMHO20 UHBeED-
mopa Hanpsicenus na 6asze IHJINC
Fig. 1. Functional diagram of the FPGA-based auton-
omous voltage inverter
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JMATYMKA YaCTOTHI BpalleHUs! (HHKPEMEHTHOTO MU}~
paTtopa) ¢r, CUTHAJBI C JaTYNKOB TOKa B (asax WH-
BepTopa iy, v, iw.

BBIXOMHBIMHY SIBISFOTCS CUTHAIBI HA YIPaBICHHE
TPAaH3UCTOPAMH MOCTA Smec.

Tabmuna 1. Xapaxrepuctuku IIJIUC EP4ACE15F17C8.
Table 1. Characteristics of EP4CE15F17C8 FPGA.

- mecth 12-6utHBix ALIT MCP3201 ¢ mocneno-
BaTeJbHBIM UHTepdeiicom SPI;

- raJbBaHUYECKas pa3BsA3Ka JUCKPETHBIX CUTHa-
JIOB Ha OCHOBE AUOJHBIX onrTomnap Ha 24 kaHana (8
KaHaJIOB JUCKPETHOTO BBOJIa C BHEIIHUX yCTPOMCTB,
4 xaHama IS BBOJA WMITYJIBCOB C MHKPEMEHTHOTO
mudpparopa, 4 kaHaja U1 MOIKIIOYCHHS KIaBHa-

Puc. 2. Brox-cxema asmonommnozo uneepmopa nanpsi-
arcenus Ha oasze IIJTUC

Fig. 2. Block diagram of the FPGA-based autonomous

voltage inverter
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TYpBI, 8 KAaHAJIOB TUCKPETHOTO BBIBOJA);

- XK-nucnneit 4 crpoku o 40 cuMBOJIOB ¢ TIpe-
oOpazoBareinieM nnrepdeiica SPI;

- MOJIyJIM TaJlbBAHMYECKOW Pa3BsI3KH BBIXOJHBIX
JUCKPETHBIX CUTHAJIOB;

Ha ocHoBe TpeOoBaHM K aBTOHOMHOMY HHBEp-
TOpy BBIOpaH COCTaB ammapaTHON YacTH YCTpOH-
CTBa, NMPEJCTABICHHBII HA puUC. 2.

B anmapatHyl 4acTh aBTOHOMHOTO HHBEPTOpa
Hanpspkerus Ha ocHoBe [IJIMC Intel Cyclone IV E,
BXOJSIT CJIEYIOIINE KOMIIOHEHTHI:

- IINIUC Intel Cyclone IV E, Ha xoTopoii peanu-
30BaHa JIOTHKA paboThl CHCTEMBI;

- ZIBa MOJyJIsl TaJlbBAHUYECKOW Pa3BsI3KM U HOP-
MajM3allMM aHAJIOrOBBIX CHTHAJOB JUIS KaHaia
HaIpSKEHHS 3B€HA IOCTOSHHOTO TOKA M KaHaJsa 3a-
JaHus;

- yeThIpe natunka Toka ACS770LCB-050B-PFF-
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T na adpdexre Xomna;

- npaiiBep ynpasneHus Tpanzucropamu IR21363;

- maMATh I XpaHeHus KoHpurypanuun [TJIUC;

- HCTOYHUKHU MUTAHHUS.

B kadectBe sapa cuctems! BwiOpana IIJIMC
EP4CE15F17C8 cepun Intel Cyclone IV E, ocHoB-
HBIE ITapaMeTpPhl KOTOPOI mpuBeaeHBI B Ta0uIe 1.

[Ipuemsl BEIOOpa ApaiBEPOB IS YIIPABICHUS CU-
noBeiMu |GBT-TpaH3uctopaMu M HMX XapakTepH-
CTHKHU MOAPOOHO ommcaHHl B paborax [11, 12, 13,
14]. Ha ocHOBaHMM NPOBEJAEHHOTO aHalK3a, B Kaue-
CTBE JpaiiBepa cucTeMbl Oblma BbhIOpana MMC
IR21363, mpencraBnsiomas co00i BBICOKOBOJBT-
HBIH BRICOKOCKOpOCTHOH apaiiBep IGBT-Ttpan3ucro-
pOB C TpemMs HE3aBHCHUMBIMH KaHAJaMH A
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npuUMeHeHus B 3-X Qa3HbIX HCTOYHUKAX, 0OeCTIedn-
BAIOIIMH 3alIUTY OT IIOMEX 110 BXOJaM U IO3BOJISIO-
mui  corjacoBaTh cuinoByto uacte c¢ IIJIMC
EP4CE15F17C8. Hanuuue y ngpaiiBepa Bxojna
ENABLE no3BossieT B ciiydae HEOOXOAMMOCTH OJI-

3aMMCTBOBAHBI C HE3HAYUTEIbHBIMU U3MEHEHUSIMHU C
CHUCTEMBl YNpPaBICHUS, OMMCAHHON aBTOpaMH paHee
B pabore [15].

B cocTaBe cucTeMbl MOKHO BBIAEIUTH CIEAYIO-
mue (MOIgynn):

Tabmuma 2. Xapakrepuctuku npaiisepa [IR21363.
Table 2. Characteristics of IR21363.

I R I Tor Vie | Vi | Vi | UVCCH | uvCC
| IR21363 | HIN,CIN | 400mc | 380mc | 27B | 178 | 046B | 112B | 1108

HOBPEMEHHO OJIOKMPOBATH CUTHAJBI [0 BCEM BBIXO-
nam. Hanmuume Brixoma FAULT curnanuszupyer o
cpabaThIBaHNM BHYTPEHHEHW 3alIUTHI IpaliBepa II0
NPEBBILIEHUIO TOKA WJIM MAaJACHUIO HaNpPSKECHUs, U
[103BOJISIET OCTAHOBUTDH T'€HEPALIUIO UMITYJIHCOB.

OcHoBHBIE XapaKTepuCTUKHU apaiiBepa [IR21363
MpUBEACHH B TabmuIe 2.

CTtpykTypa mnporpaMMHOro oodecrne4yeHusi
H

Ha ocHoBaHumM aHanu3a TpeOOBaHUH K cHCTeME
ObLIa pazpaboTaHa CTPYKTypa IpOrpaMMHOTO obec-
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1. Monynb pa6otsl ¢ AIIIl u BBOJa aHAIOTOBBIX
CUTHAJIOB (hopMHpYET HEOOXOMMMBIC CUTHAIBI IS
pa6oter ¢ ALIIT mo uaTepdeiicy SPI.

2. Monynp BBIYHCICHHS CKOPOCTH IO HHKpE-
MEHTHOMY IMIH(PpaTopy IMpeoOpa30BHIBACT BXOJHBIC
3HAYCHHS ¢ UHKPEMEHTHOTOo mudparopa B mudppo-
BYIO HOPMaJIM30BaHHYIO BEIMUYUHY CKOPOCTH.

3. Moaynp BBOJA IHCKPETHHIX curHaioB (Mo-
aynb DI) mpou3BoauT nudpoByo GUIBTpAINIO CUH-
THIBAEMBIX JUCKPETHBIX CHUTHAJIOB, YCTpaHSs Ape-
0e3r u JIOXKHBbIC CpabaThIBAaHUS M3-3a MIOMEX.
__________________ 4. Moayns ompoca Kia-
BHATypbl (OpMHUpYET TO-
CIIeI0OBAaTEJIbHOCTh CKaHU-
PYIOIIUX WMITYJBCOB IS
ompoca KIaBHATyPHI.

5. Monynas uudpoBoi
GuUIbTpany  aHAJOTOBBIX
CHTHAJIOB MPOU3BOJIHAT
(GuUIBpTpanuIo U pacyeT AcH-
CTBYIOIIMX 3HAUYEHUI TOKOB
U HalpsO>KEHUMH.

6. Moaynp 3amuT pea-
JU3yeT OCHOBHBIE 3alUTHI
npeoOpa3oBaTtens:  HyJe-
BYIO 3aIlUTy, MaKCHUMallb-
HYI0 TOKOBYIO 3aIIHTy, 3a-
IIUTY OT IEPETPY3KH.

7. Moaynb cuCTEMBI aB-

Ha tnanzucronsl

TOMaTHYECKOTO PETyIUpPO-
Banus ckopoctu (CAPC).

8. Monyns GpopmupoBa-
HHUS WMIYyJIbCOB yIpaBiie-
HHS TPAH3UCTOPAMH.
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9. Moayns ynpaBieHUS
COCTOSHHEM — Ha OCHOBE
JIAHHBIX C APYTHX MOJYJEH
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)
Jucrnmeit
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Puc. 4. Ocnosnvie mooynu AMH

Fig. 4. Main modules of autonomous voltage inverter

=

MEYCHUS A CUCTEMBI IPSIMOTO NH(POBOTO yMpas-
JIEHUSI UHBEPTOPOM.

OcHoBuble Mmoayau AWH u cBsi3u Mexay HUMH
nokaszaHsl Ha puc. 4. Yacts |P-monyneld npomuBku
IJINC peanu30BaHbl YHHUBEPCaIbHBIMU u

dbopMUpPYET U YIpaBISICT
pexxuMamMu paboThl MPeoo-
pasoBaTels.

10. Mogyns mnapamMmeT-
poB ocyiecTBiser paboTy
IO CYHUTBIBAHUKO, H3MCHC-
HUIO W 3allUCH IapaMeTpOB
B TIaMSTh.

11. Monaynb WHAWUKAIMU COCTOSIHUSA, KOTOPBIH
(dbopMupyeT IKpaHBl, BRIBOOUMEIC Ha JUCIIJIEH, B 3a-
BUCHMOCTH OT BBIOPAHHOTO peXUMa OTOOpaKeHUS 1
BBIBOJIMMBIX [TapaMETPOB.
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' Fig. 5. RTL realization of GON module
12. Moayns SPI unrepdeiica ¢ qucreem, KOTO- input [7:0] Uz;
poIit popmupyet mHTEpdeiic mo npoTokory SPI mns output reg pr_imp;
ynpasnenus XKK-gucrieem. output reg inv_imp;
Onucanue moayJeii Ha Verilog HDL
Hwuxe mpuBeneH ¢parMeHT omucaHusl TeHepa- reg pr_imp_gen = 1'b0;
TOpa OIIOPHOTO MOJAYJHPYIOLIETO HAaNpsDKEHUs C reg inv_imp_gen = 1'b0;
KOMITapaTopoM Ha si3bike Verilog, a ero peanusanus reg [7:0] fi_cnt = 8'dO;
B cucteme Quartus Prime 18.1 Ha ypoBHE perucTpo-
BBIX mepenau (register transfer logic — RTL) moka- reg up = 1'b1;
3aHa Ha puc. 5. reg down = 1'b0;
B kauecTBe OMOPHOTO MOAYJIHPYIOMIETO HATIPS-
XeHus: paspaborannoro Tpexdaznoro AVH mis uc- wire clk_freq;
KJIFOUEHHS OJIHOBPEMEHHOTO MEPEKIIOUYEHUsT TPaH- reg [31:0] divider_4000_cnt = 0;
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Puc. 6. Mooenuposanue pabomer AUH ¢ cpede ModelSim
Fig. 6. RTL realization of GON module

3UCTOPOB B pa3HBIX (pa3ax MPUMEHEHa LEHTPHUPO-
BaHHas [IINM.

module GON(clk_in, Uz, pr_imp, inv_imp);
//TeHepaTop MUIIBI ¢ KOMIIAPATOPOM

input clk_in;

always @ (posedge clk_in)

begin

assign clk_freq = (divider_4000_cnt==32'd24)?
1:0;
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if(clk_freq) divider_4000_cnt <= 0;

else divider_4000_cnt <= divider_4000_cnt +
1'b1;

end

0)
Puc. 7. Ocyunnoepammor LLIUM AHH na uacmome 50 'y
Fig. 7. Timing Diagram of AVI PWM at 50Hz frequency

begin

pr_imp <= pr_imp_pred;
inv_imp <= inv_imp_pred;
end

endmodule // Konen Mmoays

Mad. 440w

(EERERNENEN T

Hr

[EREEREREEY T

Hmh 1

Puc. 8. Ocyunnoepammor LLIUM AUH na wacmome 5 'y
Fig. 8. Oscillogram of AVI PWM at 5Hz frequency

always @(posedge clk_freq)
begin
if (up) fi_cnt <=fi_cnt + 1'b1;
else if (down) fi_cnt <=fi_cnt - 1'b1;
else fi_cnt <= fi_cnt;
if (fi_cnt == 8'd1) begin up <= 1'bl; down <=
1'b0; end
else if (fi_cnt == 8'd254) begin up <= 1'b0;
down <= 1'b1; end
else begin up <= up; down <= down; end
end

wire pr_imp_pred;
assign pr_imp_pred = (fi_cnt <= Uz); // Cpabo-
TaJl KOMIIapaTop Mo CUECTYUKY (1)33131

wire inv_imp_pred;
assign inv_imp_pred = ~pr_imp_pred;

always @(negedge clk in) // Cunxponusanmus
BBIXO0J1a MOJLYJISI

Ha puc. 6 nokaszaH pe3yJbTaT MOJICIHPOBAHUS
pa6oret AUH B cpene ModelSim, a na puc. 7 u 8
ocummuiorpaMmmbl padotsl IIIMM AWH Ha wactoTax
50um 5 T'm.

3aka04eHue

Ananu3 cHaTbIX ocumuiorpamm LHIMM AUWH nHa
yactorax 5 u 50 I'm paspaboraHHO#l cUCTEMBI yKa-
3bIBA€T Ha TO, UTO OHU COOTBETCTBYIOT OCIIUJIO-
rpaMmam, IOJIyYEHHBIM HIpU MOJEIUPOBAHUU CH-
crembl B ModelSim, a tak:xe moka3biBaeT, 4TO Mpeji-
CTaBJICHHAS CHCTEMa MPSIMOTO HU(PPOBOTO yIpasie-
HHSl aBTOHOMHBIM HHBEPTOPOM HAINpPSHKEHUsI Ha OC-
HoBe [1JIMC BeITIOTHSIET BO3JIOKEHHBIE HA HEe QYHK-
MM U BBIJIEPXKUBAET TpeOyeMble BpeMEHHbBIE XapakK-
TEPUCTUKH TIpU GOPMHUPOBAHUYM UMITYyJIHCOB yIpaB-
JICHHS CUJIOBBIMHU TPAH3UCTOPaMU.
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FPGA-BASED CONTROL SYSTEM OF THE AUTONOMOUS VOLTAGE INVERTER

Abstract: The article is devoted to the implementation of a FPGA-based control system for an autonomous

voltage inverter.

The urgency of the discussed issue. In recent years, in industrial mechanisms, there has been a transition
from direct current motors to various types of asynchronous ones in applications requiring reliable mainte-
nance of the torque or speed of the working body, which is justified by the reliability of machines of this type,
and the absence of a collector device in them. At the same time, the range of various frequency converters and
soft starters is expanding. There are attempts to transfer some of the functions responsible for generating in-
verter control pulses to CPLD FPGAs, however, most of such devices are based on microcontrollers with built-

in pulse-width outputs.

The main aim of the study. Development of a technical structure, hardware and software architecture for a
FPGA-based direct digital control system for an autonomous inverter.
The methods used in the study. Theory of electric drive, theory of automatic control, theory of automata,

theory of algorithms.
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The results. A functional diagram and structure of a FPGA-based direct digital control system of an auton-
omous voltage inverter are proposed. The modular structure of the system is proposed; the implementation of
individual modules is shown. An algorithm for the functioning of a FPGA-based digital control system for an

autonomous voltage inverter has been developed.

Keywords: autonomous voltage inverter, control system, FPGA, electric drive, frequency control.
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