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1. HEJIb PABOTBI

1.1. m3yunts ocobenHoctn cuHTe3a KUX-punbrpoB B makerax mporpamm Mathcad u
MATLAB;

1.2. cunre3 KUX-puiprpa no aliroputMy ycpeaHeHus;

1.3. cunre3 KUX-punbrpa MeToa0M BeCOBBIX (OKOHHBIX) (DYHKIINI;

1.4. cunte3 KUX-¢punprpa METOJOM MUHIMAIBHOTO CPETHETO KBAIpaTa OMIHOKH;

1.5. nccnenoBanue XapakKTEPUCTHK CUHTE3UPOBAHHBIX (DMIIBTPOB.

2. KPATKME ITOSICHEHUS K TIABOPATOPHOU PABOTE

2.1. Metoasbl pacuera KUX-¢puiabTpos

Cpemn MHOXECTBA aHAIMTHYECKUX/MTEPAMOHHBIX MeTooB pacyera KUX-pumbTpos
CJIELy€T BBIACIUTH 1B OCHOBHBIX METO/IA:

® METOJ BECOBBIX (yHKITHIA;
® METOJ YaCTOTHOW BEIOOPKH.

Kpome TOro, BO3MOXHO MNPUMEHEHHME YHCIOBBIX METOJOB pacyeTra, CpeAu KOTOPbIX

BBIJICTISIIOTCS CIIEAYIOIINAE KPUTEPUHN pacyeTa:
® KpHUTEpHil MUHHUMAJIBHOTO CpEeIHEro KBaapara omuoku (MmuHuMansHoro CKO);
® KpHUTEPHii PABHOBOJIHOBOTO MPHOIMKCHHUS.

BonpmuacTBO MeTomoB cuHTe3a KU X-GuiabTpoB peann3oBaHO B MakeTe Mporpamm
MATLAB, u mnpoekTupoBaHHe HE TpeOyeT 3HaHUS MaTeMaTHYeCKuX BbIpakeHud. OgHako
HUMEIOTCS Cllydau, KOIrJla MOXKHO OBICTPO BBINOJIHUTH CUHTE3 MPOCTEHHIMX (DUIBTPOB B IMAKeTe
nporpamm Mathcad.

2.2. Pacuert ycpeausironiero guiabTpa
Haunbonee mpocteiv KUX-puabTpoM MOXHO CUMTATh YCPETHSIOMMA (PUIBTP, KOTOPHIH
BBIYHCIISIET cpeHeaprupMeTnIeckoe 3HaueHue N OTCUETOB:

N-1 1 N-1

y(n) = Zﬁ-x(n—k): D h(k)-x(n-k). (1)
k=0 k=0

Koaddurmentsr punbTpa ABISIOTCS OTCUETAMH UMITYJILCHOM XapakTepucTuku h(k).

[lepenarounas GpyHKuus GUIBTpa paBHA

N-1 1 « N-1 N
H(z) = Zﬁ-z‘ =Y hk)-z™. )
k=0 k=0

T
YacToTHas XapaKTEpUCTUKA BBIYUCIISECTCS MyTEM MOACTAHOBKU Z = el

H(i 3 Sl —jok T, _ N_lh ). e FOk T,
(J~w)—zﬁ'e =Y h(k)-e : 3)
k=0 k=0

Hausbpiit ¢GunbTp mpencraBisieT coboil mudposoit ®HY, mapameTpbl KOTOPOTO 3aBUCST

TOJIBKO OT Y4aCTOTHI UCKpeTH3anun F, = L u iopsaka ¢uibTpa N.
A
W3meHsist yka3zaHHblE @apaMeTpbl, MOXXHO IoaoOpare uactoty cpesa DPHY. [pyrue
napameTpsl GUIbTpa IMpU TOM 00ECIIEYUTh HA 3aJaHHOM YPOBHE CIIOXKHEE.
B kxauecTBe mpuMepa jaajnee mokaszaH pacueT HudpoBoro puiabTpa HU3KUX Yacror (PHY)
ycpeaHsiionero Tuna ¢ yacroroi cpeza Fe=100 I'u.

2.2.1. BBoa MCXOIHBIX JAHHBIX



Fn:=8- 103 - Hacrora auckperuzanuu O, '

Tn:= (F;[)_ 1 Ton=125%x 10 4 nepuoa nuckperuzanun O, «

2.2.2. Pacuer ko3¢ punnenton 1P

N:=20 -mnopsamok H®  ik:=0..N-1 Bik = i -3HauYeHUs Kodppuuuenron [[D
N
2.2.3. Pacuer AUX D
omin:=0 omax:=2-7-Fx do:= (comax— mmin)-(lOOO)_ !
® := omin, omin + d®.. ®max - IMama3oH 9acToT noctpoerns AUX ¢umbrpa

. N-1
z(co) = el'm'Tﬂ HZZ(Q)) = Z Bk-z(m)_ ko YacTOTHAS XapaKTepucTuka GpuibTpa
k=0

I+
|[H2z(0)]

-——
1

2 st
1

(=]

1 10 100 1-10 1-10
(1)~(2~TC)71
Puc. 1. Pesynbrar pacuera AUX mudposoro uisrpa

2.2.4. Ilposepka 3Havyenus AYX [{® Ha TpedyemMoii yacTore cpe3a

. - Tpe6 1
Fc:=100 Tpebyemas gactoTa cpesa puiabTpa 2 07071

|H22(2-n-Fc)| =0.9005 -3HaueHne AUX Ha gacToTe cpesa \/E

Bunno, uyto 3nauenme AUYX Ha TpeOyeMoil wacToTe cpe3a OTIWYAeTCs OT TpeOyeMoro
3HaueHus pasHoro 0.7071.

CrnenoBaTenbHO, HEOOXOIUMO HW3MEHHUTH TOPSAOK ¢uiabTpa N, KOTOpBI OBLT paBeH
n3HavanbHO 20.

2.2.5. llonoop nopsinka ¢puiabtpa N 115 odecriedeHus1 TpedyemMoil 4acTOThI cpe3a
MoskHO yOeauThCsi, 4TO MpU 3HaueHHH N=35 oOecreurBaeTCss HaUMEHbBIIEE OTKIOHEHUE
KodpduIMeHTa epeadn Ha 4acToTe cpesa oT Tpedyemoro 3HaueHus pasHoro 0.7071.

N:=35 - nopsaok D
Fc:=100 - tpeOyemas yactora cpe3a puibTpa

1
— =0.7071
|H22(2-Tc-Fc)| =0.7138 - 3HaueHne AUYX Ha yacToTe cpe3a 2

1 1
3HayeHus Ko3pPULUHUEHTOB UPPOBOro GUIBTPA IPU ITOM PaBHBI N = 35 =0.0286.

2.3. Pacuer KUX-puabTpoB MeT010M BeCOBBIX (PyHKIIUIA
2.3.1. OcobGeHHOCTH MeTO/1a BeCOBBIX QYHKIUH
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CunTtes HepekypcuBHBIX IU(GpoBbX GmibTpoB (HPLU® mmm KUX-hunbTpoB) MoxeT OBITh
BBITIOJIHEH TIO0 3aJlaHHOW WICaIM3MPOBAHHON YACTOTHOM XapakTepuctuke ¢uibtpa Hy(j-o) ¢
HYJIEBBIM 3aa3bIBAHUEM U JIOIYCTUMBIMU MOTPEIIHOCTSAM €€ alllpOKCUMAIINH.

Y4uTBIBast, YTO YaCTOTHAS XapaKTEPUCTUKA U UMITYJILCHAS XapaKTEPUCTUKA CBS3aHBI Mapoi
npeoOpazoBanuii Pypre, ¢ TOMOIIBIO 00paTHOTO TMpeodpasoBanus Dypre MOXKET ObITH HaiijeHa
HMITYJIbCHAsI XapakTepucTuka hy(n), KOTOpas COOTBETCTBYET 3aJaHHOM HWCATU3UPOBAHHOMN
YaCTOTHOM XapaKTepUCTUKE:

0y /2
T, Ty
hd(n)—z— IHd(J ®)- O gy 4)
—0, /2

OnHako UMITyJIbCHAsI XapaKTEPUCTHKA HUICaTbHOTO (HIBTpa UMEET OECKOHEUHYIO UIMHY U
HE OTBEYAET YCJAOBHIO (PM3UYECKON peaiu3yeMOCTH:

npu n < 0 hy(n) # 0 — oTKIMK PHUIBTpa ONEpexkaeT BXOAHOE BO3ICHCTBHUE.

[TosToMy OHa He MOXeET OBITh HEMOCPEICTBEHHO HCIOJIb30BaHA B KAYECTBE HWMITYJIbCHON

xapakrepuctuku HPLD.
Hamnpumep, nns nudposoro ®HY (puc. 2) B OCHOBHOM MOJIOCE YACTOT + /2
) , —o.<o<o,;
Hy(j-0)= ,
0, nnsapyrux o;
®n- T (DCTZl sin(o.nT,) A¢ sin(Acn)
hq(n)= _[ H (](,O)e n  onT, 7w A

O)C
AHaQJIUTUYECKHE OINUCAHUSI MMIYJbCHBIX XapaKTEPUCTUK IPYTrux THUMNOB ujeainbHbix LD
MpUBEAEHHI B 1. 2.3.4.

N

N hg(n)

AT\ (JJC‘T);[ /n

T /@ T
T " Pall

N7

Puc. 2. UmnynbcHas xapaktepuctuka uaeansnoro ©HY

\ A

[TonyunTs Ha OCHOBE WMITYJILCHOM XapakKTepucTUkH (4) dbusmdecku peanuszyembiii KNX-
(GUIBTP C YaCTOTHOM XapaKTEPUCTHKON, ONM3KON K 3alaHHON, MOXKHO IyTeM caBura hg(n) BrpaBo
Ha (N — 1)/2 orcueroB m yceuenus ee 3a mpemgenamMud n < 0 mw n > N. [Ipu 3TOoM yactoTHas
XapaKTepUCTHKa (PUIIbTpa allpPOKCUMUPYETCsl yCeUeHHBIM psiioM DPypbe ¢ korddurrentamu hyg[n
—(N-1)/2]:

N-1 .

H(j-o)= Y hgln—(N-1)/2]-e 7" | 5)

n=0

N3BecTHO, uTO mpoctoe yceueHue psna Pypee conpoBoxkaaeTcs koJaedanusimu I'méoca,
BO3HUKAIOMIMMU TP allpOKCUMAIMX PAa3pBIBHBIX (YHKIINH.

Jlns ynaydiieHusl KadyecTBa amlpoKCHMAaIMM B METOJE€ BECOBBIX (YHKIMHA HMIYJIbCHYIO
xapakrepuctTuky HPII® koHCTpyupyIOT OrpaHMueHUEM JUTMHBI UMITYJIbCHOM XapaKTepucTUKu hg[n
— (N —1)/2] c noMompto crienranbHBIX BeCOBbIX (PYHKUMIA I OKOH W(N) KOHEYHOU JUTUHBI N:
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h(n) =hg[n—(N-1)/2]-w(n). (6)
Hanpumep, npocToe yceueHrne SKBUBAJIEHTHO YMHOKEHUIO Ha MPSAMOYIOJIbHYI0 BeCOBYIO
¢ynkuuio wr(n)=1, n=0,..N-1.
[TomyyeHHO TakuM 00pa30M WMITYJIbCHOW XapaKTEPUCTHKE COOTBETCTBYET YaCTOTHAs
XapaKkTepucTHka puiabTpa
N-1 )
H(j- o)=Y hn]-e T )
n=0
orpezesnsieMas CBEPTKOM B YacTOTHOM 00NacTW 3aJaHHOW YacTOTHOM XapaKTepUCTUKU
Hq(j-®) c yacroTHoit xapakTepuctukoit (Pypre—o6pa3om) BecoBoit pyHkuuu W(j-m):

®,/2
. . . T . .
H(G @)= W(j-0)*Hy(j-0) =52 [W(j-0)-Hy[j- (0—0)]-do,
—0, /2
rze * — CHMBOJ CBEPTKH, O — mepeMeHHast ”HTerPUPOBAHUS,
N-1 _
W)= Z w[n]- e O yacrornas XapaKTEPUCTHKA BECOBOH (yHKIIUH.
n=0

JlanHbpie mpeoOpa3oBaHUs BO BPEMEHHOM W YaCTOTHOHW OOJACTH WILTIOCTPUPYIOTCS
rpadpukaMu puc. 3, JOCTaTOYHO HAIIAIHO OTPAKAIOUIMMH BIIMSHUE BECOBOTO YCEUCHHS Ha
KAa4eCTBO alIPOKCUMALMK 3aJaHHOW YaCTOTHOW XapaKTEPUCTUKHU YCEeYeHHBIM psanoM Dypee.

YacToTHasi XapaKTepUCTHKAa BECOBOM (YHKIMHM Ha pHUC. 3 HMEET TJaBHBIM JIENEeCTOK
HIUPUHON A®;; U OOKOBBIE JIETIECTKH, YPOBEHb KOTOPBIX XapaKTE€PHU3YyeTCs] MAaKCUMAJIbHBIM IO
MOJIyJIIO 3HAYEHUEM Opnmax M IUIOMIAABIO TOJA OOKOBBIMH JiemecTkamu. CBepTka B 4YacCTOTHOU
001acTH OCylEeCTBIsAeTCs rpadUIecKy MyTeEM CMELIEHUs [0 YacTOTe B MpeAenax + o,/2 3epKajabHO
O0TOOpa)KEHHOM YaCTOTHOW XapaKTepUCTHKH BECOBOW (YHKIMM M BBIYMCICHUS IUIOIIAAN
TIEPEKPBITHS €€ C 3aJaHHON YaCTOTHOM xapakTepucTukon Hy(j-m).

[HaG-0)| A 1
\(1)
EON ©c =
IW(-o)
6611.max
WaVaVa' 3
Aoy T
‘H(J(D)l ‘\ l+61max
[N\
/ A
82max
' \ ; ()
14 }
Anep

Puc. 3. I'padmueckas wutroctpanus cuate3a HPLI® MeTomom BecoBbIX QyHKIHIA
(uneansubiit ®HY 1 npsimoyrosibpHast BecoBast (pyHKIINA)



W3 pucyHka ciegyer, 94To mepexoaHas mojioca YaCTOTHON xapakTepucTuku GmisTpa H(-m)
oTpeseNsieTcss LIMPUHON TJIABHOTO JerNecTKa 4YacTOTHOM XapaKTepUCTHKU BECOBOM (YHKUHWU:
A(Dnep ~ A®;;, a TOTPEUIHOCTH alIpOKCUMAaluu (IyJbCallid) B II0JIOCE IPOMYCKAaHUS U

3aJIep)KUBaHUS O, O, CBSI3aHBI C YPOBHEM €€ OOKOBBIX JICTIECTKOB. JTO OMpenessieT TpeOOBaHUS K
BECOBOI (DYHKIIMHU, KOTOPasi TOJKHA UMETh:
¢ MHUHUMAJBHYIO IIUPHUHY TJABHOTO JIEMECTKA AMyy;
¢ MHHUMAJbHBIA YPOBCHb OOKOBBIX JICTIECTKOB Og;max 1 MUHAMAIBHYO TUIOMIAIb IO/
OOKOBBIMH JIEIIECTKAMU,
¢ MUHUMAJbHYIO JUTHHY N.

TpeboBaHust 3TH JOCTaTOYHO MPOTHUBOPEUYUBHL. Tak, Ooyiee Tiaakue BECOBbIE (YHKIUHU
MMEIOT MEHBUINI YpOBEHb OOKOBBIX JIEMECTKOB, HO OOJBIIYI0 MIMPUHY TIJIABHOTO JIENecTKa,
YMEHBUIAIONIYIOCS ¢ YBEIIMUEHUEM JITTMHBI BecOBOM (pyHKIMH N. DTUM 00BSICHAETCSI MHOT0OOpasue
HCIOJIb3YEMBIX Ha MPAKTHUKE TUIIOB BECOBBIX (PYHKIIMA.

Crnenyer OTMETHUTH, YTO METOJ BECOBBIX (YHKIMH OOecredrBaeT CTPOTYIO JHMHEHHOCTh
®YX ¢ MOCTOSHCTBO TPYNIIOBOTO BPEMEHU 3ama3biBaHusl (GUIbTpa BBUY YETHOW MM HEYCTHOU
CUMMETPUH TIOTy4aEMOM STUM METOJIOM UMITYJIbCHOW XapaKTePUCTUKU:

h(n)=h(N—1-n).

2.3.2. Bo10op BecoBoii pyHKIMH H IOPSIIOK pacyeTra

B T1abn. 1 mpuBeneHsl ucnoib3dyemble npu cuHtede [P mapamerpsl BeCOBBIX (PYHKLMI:
NPAMOYTOJIbHOM, TPEYroabHOM, XaHHa, XOMMHHTa U biaskmana.

Kpome 3HaueHU# MIMPUHBI TJIABHOTO JienecTka Amq,=D-®,/N, rne D — Tak Ha3piBaemblii D-
(dakTop, U MaKCHUMAaJbHOTO YPOBHS OOKOBBIX JIETIECTKOB Ognmax OHM BKIIIOYAIOT B ceOs Tarke
OLICHOYHBIC 3HAYEHHs MOTPEIIHOCTH allpPOKCHUMAlMM YacTOTHOW XapaKTEPUCTHKU B I0JOCE
3aJepKUBaHUs (MaKCHUMaJIbHBIE ITyJIbCAIIMH YaCTOTHON XapaKTEPUCTUKH) |[Oomax|, B, paccunTanHbIe
i uudposoro ®HY ¢ wvactoroid cpesa A, =, - T; =n/4. Takue ke MOrpenIHOCTH MMEOT

MecTo U npu cuHTe3e PBY.

Jst 1Id ¢ aBymst u Gomee wactoramu cpeza (III1D, 13D, MIID) B 3aBHCHMOCTH OT
KOHKPETHBIX JAaHHBIX TMOTPEIIHOCTh alMPOKCHUMAIIMA MOXET OBbITh OO0Jbllle €€ OIEHOYHOTO
3HAaYeHUs, HO He Oosee yeM Ha 6 1b.

Tab6mumna 1
Tun A(DMZD'(D;[/N 86n.max: nb 82mz:1xa b
[TpstmoyronbHast 2-0,/N —13,6 —21
TpeyronbHas 4-,/N =27 —26
XaHHa 4-w,/N —31 —44
X3MMHMHTa 4-w,/N —41 —53
biskmana 6-0,/N =57 —74

Ilar 1. PykoBoxacTBysch NaHHBIMM TaOin. 1, mo TpeOyeMoMy 3aTyXaHHMIO YacTOTHOH
XapaKTEPUCTUKH B MOJIOCE 3a€P>KUBAaHUSA A; MOYKHO C/I€IaTh BBIOOP THUIIA BECOBOW (DYHKIIHH.
Ilar 2. [{ns BeiOpaHHON BecoBOM (DYHKIMM M 33JaHHOM MEepeXOJHOM MOJOCHl YaCTOTHOM

XapakTepucTuky ¢puiabtpa Afpe, = |f3 _f0|min B COOTBETCTBUU C MPHUOIMKEHHBIM COOTHOIICHHEM

At =Afp=D-f,/N HaxoanuTcs HeoOXoquMas JUIMHA BECOBOHM (pyHKUIMU M olpenenseMas €0 JUIMHA
UMITYJIbCHOW XapaKTePUCTUKU QUIBTPA:
N2>D-f,/Af

mnep »
rae D — koadunment, 3aBucsnmii ot Tuna BecoBoit pynkuuu (D-daxrop), cm. Tabdmn.1,2.
3navenune N mpupaBHUBAETCS ODKANIIIEMY IIEJIOMY YHCITY, OOBIYHO HEYETHOMY.
Ilar 3. B xayecTBe 4acTOT cpe3a 3a/JaHHOW YAaCTOTHOM XapaKTEPUCTHKH HCIOJB3YIOT UX
pacueTHble 3HaueHus f,, CMEIIEHHBIE B TMOJOCY 3aAEPXKHUBAaHUA MPUMEPHO HA MOJIOBUHY
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nepexofHoi mnonockl Quibtpa Af,, OTO CBA3aHO €O CBOWCTBEHHBIM [JAHHOMY METOLY
pa3MbIBaHUEM TI'paHMIl IIepeXo/ia OT MOJIOCHl MPOIyCKaHUsl (GUIIBTPA K M0JIOCE 3a/€pKUBaHU (puc.
3). Hanpumep, st TID: £, = £ —Afpe /25 foop e + Afye /2.

Ilar 4. HaxoguTcss uMmyibCHas XapaKTepUCTUKa (HUIbTpa IyTEM BECOBOTO YCEUCHUS
cMelleHHOH BripaBo Ha (N—1)/2 0TCueTOB UMITYJIbCHOM XapaKTepuCTUKH hy(m):
h(m)=hy4[m—-(N-1)/2]-w(m),m=0,1,...,N-1.

Iar 5. PaccuuteiBaercs AUX dpunbTpa

N-1
H(j-@)= Y h[k]-e
k=0
U TIPOBCPACTCA €€ COOTBCTCTBUC HUCXOAHBIM JAHHBIM I10 HCPABHOMCPHOCTU YaCTOTHOU
XapaKTEPUCTUKHU B MOJIOCE MPOMYCKaHUs A M 3aTyXaHUIO B MOJIOCE 3aACPKUBAHUS A..
Ilar 6. Tak kax ,Z[aHHLIﬁ METOA HC O6CCHC‘-II/IB3.CT TOYHOI'O COOTBCTCTBUA HNCXOIAHBIX U
pacyeTHBIX [JIaHHBIX (SIBJISIETCSI WTEPAUMOHHBLIM), TIPH HEOOXOIUMOCTH KOPPEKTHUPYIOTCS
SHAYCHHA PACUCTHBIX YaCTOT CPEC3a fclp, fczp W OJIUHBI (I)I/IJ'IBTpa Nu PACUCTBI TOBTOPSAIOTCA.

—jrok T,

2.3.3. Buabl BecoBbIX QyHKIUI

IIpocreiimass BecoBass (PyHKUMS — NMPAMOYIOJbHAsE — MMEET MHUHUMAIBHYIO IIHUPHHY
TJIABHOTO JICTIECTKA U MaKCUMaJIbHBIN YPOBEHb OOKOBBIX JICTIECTKOB.

wr(n)=1,n=0,.N-1. (8)

TpeyrosibHas BecoBasi (PyHKIHS SIBISETCS CBEPTKOM JABYX HPSIMOYTOJIbHBIX BECOBBIX
dbyskomil gmuHOM N/2:

N st
wr(n)=wg(n)*wg (n)=1 N7 9
T EVRINRIVE ) 20 Nol g on-y )

Y Hee BABoe OombIasl MIMPUHA TJIABHOTO JIETIECTKA MPH JOCTATOYHO OOJBIIOM YPOBHE
OOKOBBIX JIETIECTKOB.

BokoBble nenecTku ee UMEIOT MHUPUHY Awg=2-0,/N unu Alg;=4-m/N.

O0600menHas BecoBasi QyHKIUsE XIMMHUHIA OTMHCHIBACTCS BRIPAKCHUEM

WH(n)za—(l—a)~cos(21\'I“—_'i‘). (10)

I[Ipu 0=0.5 ona coorBeTcTBYyeT BecoBOil (yHkuumu XanHa, npu 0=0.54 — BecoBoH
(pynxuun XsMmMuHra.

YpoBeHb OOKOBBIX JIEMIECTKOB BECOBOM (PYHKIIMH XIMMUHIA OKa3bIBAETCS IPUEMIIEMBIM IS
MHoOrux npunoxxeani HPL{®.

BokoBBIE JIETIECTKH YaCTOTHOM XapaKTEPUCTHUKH HMMEIOT IMHUPUHY AW =0/N wiun
Aly=2-/N. Tlmomans mox OGokoBbiMU IenecTkamu coctaBiser 0.04 % ot miomanu KBaapara
YaCTOTHOM XapaKTEPUCTHKH BECOBON (YHKIINU.

BecoBas ¢pynkuus binkmana nmeer Bug

WB(n)=0.42—O.5~cos(21\'IL_'?)+ 0.08-cos(%). (11)

[To cpaBHeHMIO ¢ BecoBO (yHKIHMEH XIMMHUHTa y Hee Oosiee MIUPOKUI TIIaBHBIN JIEMEeCTOK
(B 1.5 pa3za) npu o4eHb MAJIOM YPOBHE OOKOBBIX JICTIECTKOB.

[[TupuHa GOKOBBIX JIEMIECTKOB 3TOM BECOBON QYHKITNH A®g=®,/N umu Ahg;=2-1/N.

[Tpu cuntese HPLI® ucnone3yrorest Takxke 3¢ dekTuBHbIe BecoBble (pyHKuMN JlaHuoma,
Hoabgpa-UYeobimena, Kanneaunn, u np. [7, 8], cpenu KOTOpbIX 0coboe 3HAUYEHHE MMEET Kiacc
BecOBBIX (yHKIUI 1iu okoH Kaiizepa.

Becosblie pynkuun Kaiizepa.

B oTnuume ot qpyrux BecOBBIX (YHKIWH, XapaKTEPHU3YIOMIMXCS TOCTOSTHHBIMU 3HAYCHUSIMHU

Af Af
=N = f”ep N (D-daxrop), y BECOBBIX

a a

YPOBHSI OOKOBBIX JIETIECTKOB Ogymax M OTHOIIEHUST D =
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¢bynkmmii Kaiizepa 3Ti mapameTpsl MOTYT IIMPOKO BapbUPOBATHCS C MOMOIIBI0 K03 duiuenta p,
BXOJSIILIETO B MAaTEMAaTUYECKOE BBIPAKEHHE ITON (PyHKLUU:

we =loB1-[22f 1108 (12)

rae lo(x) — ynkmus beccens HyneBoro mopsiaka.

bnaronapst sTomMy obecneunBaeTcsl HawiIydllee i JaHHOTO METOJa CHHTE3a KauecTBO
anMpOKCHMAIUH 3aJaHHOW YaCTOTHOM XapaKTePHCTUKU WM HAUMEHBIIWHA MOPSIOK (QHIbTpa NpU
3aJaHHOM KaueCTBE alpOKCHUMALIUH.

Kaitzepom myTeM 4MCIEHHOTO MHTETPUPOBAHHUS CBEPTKH COCTaBiieHa Tabnuma (tabn. 2) u
MOJIyYeHBI SMIHUPUYECKHE (OPMYIbI, KOTOPbIE MO3BOJSAIOT HEMOCPEICTBEHHO IO 33aJaHHOMY
3aTyXaHU A,=|0xmax| (1b) wacToTHOM Xapaktepuctuku H(j-®), anmpoKCUMUPYIOIIEH H1eaTbHbII
®HUY, BbIOpaTh WK paccunTaTh 3HaueHus D-dakropa u koapdurments: P [5]:

D~ npu A, >21aB; D=0.9222,npu A, <21 15;
0, npu A, <21 1b
B=40.5842-(A, —21)%* +0.07886-(A, —21), mpu2l<A, <501
0.1102-(A, —8.7), pu A, > 50 1B

[To BBIYMCIIEHHOMY WJIM B3ATOMY W3 TaOJHIBI 3HaYeHUI0O D ompenpensercs HEOOXOIUMBIH
nopsangok ¢unbtpa N=D-f/Af,,, KoTOpbI OKpyrisiercs 3areM 10 OiKaiimiero OOJbLIEro
HEYETHOTO YHCIIA.

Kak u ans npyrux BecoBBIX (YHKIUH, B CIIy4ae amnmpoOKCHUMAINH HCATbHBIX (UIBTPOB
tuna [I1D, 13D, MIID 3aTyxaHue 4acTOTHOW XAPAKTEPUCTUKU B IMOJOCE 3aJEP>KUBAHUS MOKET
OBITh MEHBIIIE €TI0 TA0JIUYHOTO 3HAUCHUS, HO He OoJiee ueM Ha 6 1b.



Tabmura 2

A,, 1b B D A,, 1b B D
25 1.333 1.187 65 6.204 3.973
30 2.117 1.536 70 6.755 4321
35 2.783 1.884 75 7.306 4.669
40 3.395 2.232 80 7.857 5.017
45 3.975 2.580 85 8.408 5.366
50 4.551 2.928 90 8.959 5.714
55 5.102 3.261 95 9.501 6.062
60 5.653 3.625 100 10.061 6.410

B Tabn. 3 mnpuBeneHbl TakKe pacyeTHbIE 3HAYEHUsS] YPOBHS IyJIbCallMd YacTOTHOM
XapaKTEPUCTUKHU B II0JIOCE MPOIYCKaHUS, COOTBETCTBYIOIINE PA3IMYHBIM 3HAUYEHUSAM 3aTyXaHUs B
MOJIOCE 3a/IepKUBaHMS [S].

Tabauma 3
A,, nb 1 £01max, 1B A,, n1b 1 01 max, 1B
30 +0.27 70 +0.0027
40 +0.086 80 +0.00086
50 +0.027 90 +0.00027
60 +0.0086 100 +0.000086

2.3.4. UMnyJbCHbIE XapaAKTePUCTUKH HaeaabHbIX LD
AHanuTHYECKUE ONMCAHUS UMITYJIbCHBIX XapakTepuCcTUK L{D pa3anyHOro THIa Moyry4aroTcs
B 00IIeM ciiyyae IyTeM BBIIOJIHEHUs1 oOpaTHOro mnpeodpazoBanus Pypse UX HACATHU3UPOBAHHBIX
4acTOTHBIX Xapakrepuctuk UX Hy(j-o).
Jas upeanbHoro uugposoro ®HY, xak moka3aHo BBILIE, UMIYJIbCHAs XapaKTEPUCTUKA
ONPENIENACTCS BEIPAKEHUEM
Ae sin(A;-n)

o, -T e
hd(O): TE A :?, hd(n)=?~ﬁ,n=il,i2, N (13)

Jasi uaeanbHoro Beenponyckawinero ¢puabtpa (BII®) curnan Ha BeIX0/I€ COBMANAET C
CUTHAJIOM Ha BXOJIE:

y(m)=x(n); ha(0)=1; he(n)=0 npu n0; Hy(j- ) =1 npu|o|< w0, /2. (14)

Nmnynbscubie xapakrepuctuku [{® tunos @BY, II® (nonocoBoro), P (pexeKTOpHOTO) U

MII® (MHOTOIIOJIOCHOTO) MOTYT OBITh BBIPAXKEHBI U€PE3 UMITYJIbCHBIE XapaKTEPUCTUKH ITU(POBOTO
®HY u BI1D:

Hy(j-®opy =Hy(j-®)pne —Hg(J- ®)ony (15)
Hy(j-o)ne =Hy(J- ®)eony2 —Ha (- ©)oHu (16)
Hy(J-®)pep =Hyg( - ®)neo —Ha(J- ®onua + Hg(J- ©®) pHui (17)

rae Hy(j-o)ony, Hi(j:®)onyr 1 Ha(j-©)ppyz — 9acTOTHBIE XapakTepucTHKU uaeanbHbix @HY ¢
4acTOTaMU cpe3a Ac, Aci, Ac2, (Ac2™> Ac1), COOTBETCTBYIOIIMMHU YacToTaM cpeza OBY, [1D u PO.
Takas ke CBsS3b CHOpaBeIIMBA W JUISI UMIYJIBCHBIX XapaKTEPUCTHK, YTO IO3BOJISICT

HETIOCPECACTBCHHO 3aIllMCaTb COOTBETCTBYIOUINEC UM aHAJIMTUYCCKUC BbIPAKCHUS:
A sin(A;-n)

7\‘0
hg(Mepy =1-=—-, hg(Mepy =——— > n=t1, 32, ... (18)
Aea g sin(A;p-n)  sin(Ay-n)
ha(One =~ =", hy()pe = 2 —— 9=, (19)
Ae A sin(Ao-n)  sin(Agpn
ha(0)pg =1-22+ 2L hy(n)pg = ke SCean), (20)

AHaJIOTUYHBIM 00pa30M HAXOATCS COOTHOIIEHHUS U JUIsl KOHKpeTHOTO MITD.
10



2.4. Pacuer KUX-(puabTpoB MeTO10M 4YaCTOTHOH BBIOOPKH

2.4.1. OcobGeHHOCTH pacyeTa MeTOI0M YaCTOTHOM BbIOOPKH

B meTone yacTtoTHON BBIOOpKHM MMIYJbCHAs xapaktepucTuka (umbTpa h(n)y Haxoaurtcs
MyTeM JUCKPETU3ALMH TI0 YaCTOTE 33JaHHOM YaCTOTHOM XapakTepucTHKH Hy(j-®) 1 BeraucieHus ee
oOpaTHOTO ANCKpEeTHOTO MpeodpazoBanus Dypee (OI1D).

JluckpeTHu3anus 4acTOTHON XxapakTepucTuku Hy(j-®) mo yactoTre ocymiecTBiseTcs B OJI0CE
0 ... ®, myTeM mepexoa OT HENPEPHIBHBIX 3HAUYEHUH YaCTOTHI ® K JUCKPETHBIM: 0x=Am-k, rae k=0,
I, ..., N—-1; Aw=0y/N — mar AucKpeTu3ainuu;, K — HoMep 4acTOTHOW BBIOOPKH; N — YHCIIO TOUYEK
JUCKPETU3ALNH.

Hlar muckpermsamuu o 4yacrore Ao BbiOMpaeTcs u3 yclnoBus A0<Aw®ye/(L+1), rae
L—uensie uncna, L =0, 1, 2, ...; A®yep — HEpeXoHas mosoca GUIbTpa.

B pesynbraTe nomyuaercs AMCKPETU3MPOBAaHHAs 4YacTOTHAs XapaKTepUCTUKa (QUIbTpa
(MIX) Hy(j-op)=Hy(- o))|®:®k (puc. 4). Tak kak 3agaHHas YaCTOTHAs XapaKTEpPUCTHUKa

COOTBETCTBYET (PM3MUECKU HEpeaTu3yeMoMy (HIBTPY C HyJEBBIM 3amasjbsiBaHuemM, To ans LD co
ctyneHyarooOpa3zHbiMu AUX auckpeTn3npoBaHHasi 4YaCTOTHAsL XapaKTEPUCTUKA OTOXKAECTBIISETCS
Janee ¢ UX AUCKpeTu3npoBaHHOM AYUX.

JluckpeTusanusi 4aCTOTHOM XapaKTEPUCTHKU Ha PUC. 4 BBINOJHEHA C IIArOM A®=A®qep/2
(L=1).

o)

Hy(jeoy)

H; H;

v

A I A >
| 2 -
(,‘ J_ 4_,|M (N-1)/2 N-1 N k

Adw Atyep /2 @, @

Puc. 4. IuckperusupoBannas UYX mudpoBoro GpuiabTpa HIKHUX YaCTOT

JAUX wumeer 3HaueHus, paBHble B mosioce mpomyckanus 1 (Hg(j-ox)=1), B momoce
3agepxkuBanus — HymO (Hyq(j-ox)=0) u B mepexoaHol Mosoce — HEKOTOPHIM MPOMEKYTOUHBIM
BapbUpyeMbIM (ONTUMM3HpYEeMbIM) 3HadeHUsAM Hgy(j-oyx)=H;=var, oT KOTOpBIX 3aBUCHT KauecCTBO
AIIIPOKCUMALIUY 3aJAHHON YaCTOTHOU XapaKTEPUCTUKHU.

JUX Hy(j-wk) MOKHO TTOCTaBUTh B COOTBETCTBUE HEKOTOPYIO UMITYJIbCHYIO XapaKTEPUCTUKY
hy(n), onpenensieMyro ¢ MIOMOILBIO 0OPATHOrO AUCKpeTHOro npeodpazosanus Oypse (OAIID):

N-1 . T
_1 : J @y -1
hp(n) =+ > Ha(oy)-e ",
k=0

[TomydyeHHas UMIyJIbCHAsI XapaKTepUCTUKa (pHC. 5.a) ABIAETCS NEPUOAUYECKOM C TEPHUOIOM
Np=N, T.K. JUCKpPETU3allMi B YaCTOTHOH 00JACTH COOTBETCTBYET MEPUOAM3ALUS BO BPEMEHHOM
obnacTH.

B kauecTBe MMIYJIbCHOM XapaKTEPUCTHUKU CHUHTE3UPYEMOI'0 METOA0M YaCTOTHOM BBIOOPKH
HPLI® BeIOMpaeTca OMH IEPHOJ HMMITYJIbCHOM XapaKTEPHCTHKH hy(n), CIBUHYTHIM BIpaBO Ha
(N—1)/2 otcueroB (s obecrieueHUs] PUINIECKON Pean3yeMOCTH) U YCEUCHHBIH MPsMOYTOIbHON
BecoBol Gynkuuei (s momyuenuss KUX-punerpa) (puc. 5.6):

h(n)=h,(n —NT—I), n=0,1,.N-1.
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h(m) hy(m)

m

3y

AN-1)2 0 (N-1)y2 N 2N

a) 0)
Puc. 5. UmnynecHas xapaktepuctuka, cooTBeTcTBytomas JIUX (a) u ummynbcHast XapaKTepUCTHKA
HPL®, cunTe3upoBaHHOTO METO/I0M YaCTOTHOI BBIOOPKH (0)

[To umnynbCHOM XapakTepucTUke h(n) HAXOIUTCS YACTOTHAs XapaKTEPUCTHKA (GHIbTpa
H(j-®), anmpokcumupyrorias 3axannyro Hqy(j-o):

N-1 .

H(j @)= Y h(n)-e "

n=0

AUX ¢unptpa Ha yactorax o=0k: H(wx)=Hg¢(wx) TOYHO coBmagaeT C 4YacCTOTHBIMU
BeiOopkamu JIUX, a Ha yactorax w#mx H(w)#ZH4(w) — oTnmdaercs OT 3aJaHHON HAa BEIUYUHY
norpemrHocTH  anmpokcuManmu. DPUX  QuiabTpa CTpOro JMHEHHa BCIEACTBHE CHMMETPHU
HMITYJIbCHOM XapaKTepUCTUKH.

KauecTBo annpoxkcuManuu B JaAHHOM MeTO/e 3aBHCHT OT YHCJIa BHIOOPOK YaCTOTHOM
XapaKTepUCTUKH B mepexoaHoii moJjioce L u ux 3Hauenuid Hionr (i=1,2,...,L), memaromrux
aNMIPOKCUMUPYEMYT0 QYHKITUIO 0OJIee TIIaIKOM.

Pa3znuunbiM  3HaueHussM L COOTBETCTBYIOT  CIEAYyIOUIME IPUMEPHBbIE  3HAYEHUS
MaKCUMAaJIbHOTO YPOBHS OOKOBBIX JICTIECTKOB:

L =0: dopax = —20 1b;

L =1: dopax = —40 1b;

L =2: 0ax = — (50 — 60) nb;

L =3: dax = — (80— 100) nb.

PeanpHO MeTOIOM 4acTOTHOM BBIOOpKH MOXHO cuHTe3upoBaTh HPILI® ¢ mMuHMMambHBIM
3aTyXxaHueM B noJioce 3azaepxxkuBanus 10 (90—120) nb.

Takum obOpazom, ontuMmuzanus QUIbTpa 3akitoyaeTcss B BbiOOpe L — ymcna BBIOOPOK B
MEePEeXOHON T0JIOCE W TOUCKE MX ONTUMaNbHbIX 3HauyeHUU Hionr, MHHUMUZHPYIOMIUX
MOTPEIIHOCTH anmpokcuManuu. O4YeBUIHO, YTO C YBEIMYCHHEM 4HCIa BapbUPYEMBIX BBIOOPOK
CYIIECTBEHHO YCIIOKHSCTCS TMpoleaypa onTumu3aui. OHa 1octaTouHO YQ(HEKTHBHO pean3yeTcs
Ha OBM MeTo10M TMHENHOTO MPOrpaMMHUPOBAHMS.

2.4.2. Ilopsinok pacueTa MeTOJ0M YaCTOTHOI BHIOOPKHU

Hlar 1. [To 3HaYeHWIO 33JAHHOTO 3aTyXaHUs B MOJIOCE 3a/ICP)KUBAHMS A ; BRIOMPACTCS YNCIIO
BapbUPYEMBIX OTCYETOB L 4acTOTHOM XapakTEpUCTUKHU B IepexoaHol nonoce. Hanpumep, mpu A, <
40 nb, L = 1.

Yem cnoxxnee AUX ¢uibTpa, TeM MEHbIIIE 3aTyXaHUe IPU JaHHOM 3HaYeHuH L.

Mar 2. Jins npussitoro 3HaveHust L u 3amaHHON mepexonHoi momockr Afye, = |f3 - fC|

Af
HAXOJUM ILar JMCKPETH3aIMUd YaCTOTHOM XapaKTEPUCTUKH 10 yacTore: Af = Lielp Y YHCIIO TOYEK
nuckperm3anuu: N = B _ (L + 1)- i
’ Af Af )

nep
[IpupaBuuBaem N k OimmKanIeMy 1eJIoMy YUCTy, OOBIYHO HEYETHOMY .
Mlar 3. Jluckperusupyem 3aJlaHHYIO0 YacCTOTHYIO XapakTepucTuky Hy(j-®) ¢ marom Af, B
pesynbrare dero nmorydaem JUX Hy(j-ok), k=0, 1, ..., N—1.
Omnpenensiem HoMepa k eTMHUYHBIX, HYJIEBBIX U BapbUPYEMbIX YACTOTHBIX BHIOOPOK.
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3amaeMcsi HavaJdbHBIMH 3HAYCHUSIMH Hiyupq ONTHMH3HMPYEMBIX YACTOTHBIX BBIOOPOK B
KaXJI0M MepexXOoJHOM MOJioce, HalpuMep, MyTeM JIMHEeWHOW wuHTepnoiasuuun AUYX wmexnay ee
IPAHUYHBIMU YaCTOTAMM Cpe3a U 3aJCPKUBAHMS.

Ilar 4. PaccunThiBaeM 4acTOTHYIO Xapakrepuctiuky H(j-o) n Haxonum 3Hadenus H;onr, Ipu
KOTOPBIX YaCTOTHAs XapaKTEPUCTUKA YIOBICTBOPSIET 33AaHHBIM TPEOOBAHUSM.

Hanpuwmep, niis ®HY

npu L =1, N = 33 3nauenne Hiop=0.3904, Somax= —40 1b;

npu L =2, N =65 Hjour = 0.588, Hoonr = 0.1065, 02max < —60 1b.

Ilar S. PaccuuTeiBacM uUMIYJbCHYIO Xxapakrepuctuky HPI[® ¢ yderom cummerpuu
YaCTOTHOM XapaKTEPUCTUKHU:

- (N-1)/2

h(n) = %Jﬁ D 2 Hy(joy)| -cos[(n —%) o -Tﬂ]

k=0

n=0,1,2,...,N-1.

2.5. UuncieHHble MeTObI CHHTE3a HU(PPOBHIX PUILTPOB

UucneHHble WM ONTUMalIbHbIE METObI cuHTe3a [P peanusyrorcs Ha DBM ¢ moMonisio
MpOoIelyp HEMOCPEACTBEHHON anmpoKCUMAIMK 33JaHHBIX YAaCTOTHBIX XapaKTEPUCTUK (UIbTpa B
COOTBETCTBUM C ONPEJEICHHBIMU KPUTEPUAMHU MUHUMH3AIMH OMIMOOK annpokcuManuu. [Ipu stom
YaCTOTHBIE XapaKTEPUCTUKU (PUIbTpA MOTYT HMETh MPOM3BOJIbHYIO (hopMy. OCHOBHBIMH TpHU
anmpokcuManuu BUX n KUX-puibTpoB SBISIOTCS KPUTEpUM MHMHMMYMa CpeIHEro KBajJparta
omudkn (CKO) u Hamaydmero 4e0bIIIEBCKOIO0 PABHOBOJHOBOIO HNPHOJIUKEHHUS
(MMHUMAKCHBIH KpUTepHii).

Kpurepnii munumusanuu CKO nmeer cienyronryo HeneByto GyHKIUIO

M
. . 2
E=Y [HG- o) -[Ha (G- o] . Q1)
k=1
rne Hy(j-og), H(j- ®r) — 3anaHHas 1 anmpoKCUMUPYIONIasi YaCTOTHBIE XapaKTePUCTUKU

¢GwIbTpa, BBYHCISEMBIE HA JUCKPETHOM MHOXKECTBE YacTOT k. OTa (YHKIUS HETUHEWHa
OTHOCHUTENBHO K03((pULIeHTOB PUIbTpa.

MuHUMAKCHBI KpPUTEpPHil 3aKIOYaeTcs B MHMHHMMM3allMM Ha MHOXECTBE 4YacTOT
MaKCHUMaJIbHBIX 3HAYCHUH B3BEILICHHOTO (DYHKIMOHAIA OIIUOKH:

E(0) = W(o)-[H(j-®) ~Hq4(j- o), (22)

rae W(w) — nonoxurenbHas BecoBast QyHKIIHS.

[Tonck onTUMaNbHBIX 3HAYeHUH KOA((HUIIMEHTOB QUIBTPA TPU YUCICHHON allPOKCHUMAIIUU
OCYLIECTBIIIETCS ~ METOJAAMHM  HAMMEHbIIMX  KBAJApaToOB, JIMHEHHOIO  IPOrpaMMHUpPOBAHUSA,
HenuHeHoH onTuMm3anuu (anroput™ dnerdepa-Ilaysnna minst BUX-GunbTpoB) 1 MHOTOKpaTHOU
3amenbl Pemesa (s ¢uiabTpoB ¢ uebdbimeBckoit anmpokcumarmeit KUX u bBUX-tuna). Ins Hux
umeroTest 3 (eKTHBHBIE KOMIBIOTEpHBIE NPOTPaMMBI, HampuMep, mporpamma MakkiemMaHa

CHUHTE3a ONTHUMAIbHBIX NO KpuTeputo YeoOwimeBa KUX-punbTpoB, yHHBEpcanbHbIE MPOTPaMMbI
cuntesa [{® FDAS2K, DFDP, naker Signal cucremst MATLAB u nip.
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2.6. @ynkuun Simulink nust npoextuposanus nugppossix KUX—-puiabrpos
Pabora B mporpamme MATLAB ocymiecTBiIseTcsi ¢ MOMOIIBIO CHUMYJSTOpa pabOTHI
BUpTyaibHoro npudopa Simulink. 3anyck nakera Simulink Mo’xHO mpou3BecTH U3 KOMaHAHOIO

okHa MATLAB, nHaxxaB neHrarpamMmy B [IAHEJIU MHCTPYMEHTOB U OTKDPBIB HOBYIO MOJEIIb

(mukTOrpamMma ).

[Ipu 3amycke Simulink oTKpbIBatoTCs 1Ba OKHA: IMycToe OKHO untitled (0kHO 17151 co3aHMs
Osok—auarpammbl Mozenu) W okHO Library Simulink (6uGmmortexka) ¢ mepedHeM OCHOBHBIX
pazaenoB OMOIMOTEKH.

B otkpeiBmieecs okHo untitled HeoOxommmo m00aBUTH OJIOKHM, MOAEIHpYIOMUE padboTy
HMCTOYHUKOB CUTHAJIOB, U3MEPUTEIILHBIX TPHUOOPOB M aHATIOTOBBIX CHCTEM.

Jlnsi m3MeHeHHs mapaMeTpoB OJIOKOB HEOOXOIMMO BBIMOJHUTH JBOMHOW IETYOK Ha
nukTorpamMmmy Osnoka. Ilpw 3TOM JOKHO OTKPBITBCS OKHO HacTpoiiku mnapameTpoB Block
Parameters.

2.6.1. Co3panmne monean puiabTpa
Jns  monenupoBaHusi paborel 1mudpoBoro ¢unbtpa (D) coctaBuM cienyromyro
CTPYKTYpHYIO cXemy (MOJeNb), puc. 6.

FrATaol
oooo
L) I —|
Signal Fero-Order zain
Generator Hald Crigital
Filter Design Seope

Puc. 6. CtpykTypHas cxema Ui MOJeIMpoBaHust paboThl LuppoBoro GpuibTpa

Mogens nudpoBoro puiabrpa cozgaercs ¢ nomomsio 6ioka Digital Filter Design, puc. 7
(DSP Blockset/Filtering/Filter Design/ Digital Filter Design).

+- W] Communications Blockset # || [oulier _ _
W& Contral System Toolbox Analog Filter Design
- El DSP Blockset FOATe
#| D3P Sinks ﬁ Digital Filter Design
#| DSP Sources :
IR DFET
+-- ¥ Estimation —E_ Digital Filker
= | Filkering
2] Adapiive Fiters Filker Realization 'wizard

# Filter Designs
| Multieate Filkers
+-- 33| Math Functions

¥ y PlatForm Specific I/ _
3 Quartizers Ouein Owerlap-Save FFT Filker

Duetiag Ovwerlap-fdd FFT Filter

2. Fl Sianal Mananement

Puc. 7. Pacnonoxenue 6moka Digital Filter Design

Ucxonnpie manapie LD 3amatorcs B Onoke mapamerpoB ¢uiabTpa Block Parameteters:
Digital Filter Design (puc. 8).
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.} Block Parameters: Digital Filter Design iy |

File Edit Analysis Targets ‘window Help

DEE&ER|(o> 22 DN D BE | W

— Current Filker |nfomaation

— Magnitude Response

Magnitude Response in dB
a0 T T T T T T T
u]
Structure: Direct form FIR @ .50
Drder B33 z
Sections: 1 % 0
Stable:  Yes % -150
Source:  Designed =
-200
- | | | | i | |
0 0.5 1 1.5 2 2.5 3 3.5
Frequency (kHz)
— Filter Typg ——————— _Filter Ordet ————————— __ Frequency Specifications — Magnitude 5pecifications
" Lowpass  Specifyorder. [70 Uitz IHz 'l Units: IdE *I
" Highpass N E—
 Bandpass " Minimurn arder Fs: 2000
" Bandstop _ Options Fstop: | 50 Agtopl: | 50
. | Differentiator - ¥ Scale passhand Fpassl:  Ja5 Apass: =
EIEA ||| Design Method ————— | Wwindow: Kaizer j
ﬁ IR IButterworth vl Furction name: Fpass2 103 Astopz IED
— - Beta | Fstop2: 150
m & FIR IW d vl
b neow Wiaw |
e&l::ﬁ ezign Filker I

| Designing Filter ... Done

Puc. 8. bnok mapamerpos Digital Filter Design

B 65okxe nmapameTpoB 1udppoBoro GpuiIbTpa 3JIeMEHTHl HACTPOUKH COOpaHbI B 6 TPYIIIL:

Current Filter Information — oroOpaxaercs kpartkas wuHpOpMAIUS O
cCHUHTe3upyeMoM 1udpoBoM ¢unbtpe (nopspok — Order, ycToW4MBOCTH —
Stable/Unstable, konmudectBo 6510k0B — Sections, T cTpykrypsl ¢punbtpa — Filter
structure);
Filter Type — 3anaetcst Tun puibrpa:
Lowpass — ®HUY;
Highpass — ®BY;
Bandpass — nonocosoit punbtp 11D;
Bandstop — pexxekTopHblil puinbTp PO;
Differentiator — nuddepenunaTopsr;
a TaKkXKe JIpyrue TUIbI (PUIBTPOB;
Design Method — 3agaeTcs Bu annpoKCUMAaIIUN:
e IIR — BUX-punbTpsr:
e Butterworth — punstp batTepBopra;
e Chebyshev Type I — ¢punstp Yebbiiena 1 pona;
e Chebyshev Type II — punbTp Yebblmena 2 poaa;
Elliptic — ¢punbtp smmuntudeckuii (3onorapesa-Kayapa);
¢ FIR - KUX-punbTpsl, cM. I. 2.3-2.5:
e Equiripple — paBHOBOIHOBEII KpuTepuil pacuera (MUHUMAKCHBIN), M. 2.5;
e Least-squares — kpurtepuii MunumansHoro CKO, m. 2.5;
e  Window — meTo/ BecOBbIX (OKOHHBIX) QyHKIUH, 1. 2.3;
Filter Order — 3amaercs mopsnok Quibtpa-porotuna (Specify order) wim
BbICTABJIsIETCA (DIaKOK pacyeTa MHHHUMAIBHOTO MOpsAAKa (UIbTPa-IPOTOTHIA
(Minimum order);
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e Frequency Specifications -

3ajal0TCs  YaCTOTHBIE MapaMeTpbl  (uibTpa

(KOTMYECTBO MapaMETPOB MOXKET M3MEHSATHCS B 3aBUCHMOCTH OT BBIOPAHHOTO THIIA
¢bunbTpa):

Units — enununbsl u3mepenuss yactotsl (Hz — I'u, Normalized (0 to 1) —
HOPMaJIM30BaHHBIN QUIBTP (B OTHOCUTEIBHBIX CIMHHIIAX )}

Fs — wacTtoTra auckperuzanuu;

Fstopl — HuKHSIS 4acTOTa MOJOCH 3arpaxaeHus (Ha KOTOpoil obecrieunBaeTrcs
3aryxanue Astopl, n1b);

Fpassl — HuxHsS 4acToTa MOJIOCH MPOITyCKaHUs (Ha KOTOpoil obecrnieunBaercs
3aryxaHue Apass, 1b);

Fpass2 — BepxHsis yacToTa MOJIOCH MPOIMYyCKaHHs (Ha KOTOpoil obecneunBaeTcs
3aTyxaHue Apass, 1b);

Fstop2 — BepxHsis yacTOTa MOJOCH 3arpaxacHus (Ha KOTOpoi obOecreunBaeTcs
3aryxanue Astop2, 1b);

e Magnitude Specifications — 3a1atorcs K03 uruenTsI 3aTyxanus GpuiabTpa:

Units — equannbl m3mepenust koddunuenrta 3aryxanus (dB — 1b, Squared —
OTHOCHTEJIEHBIC €JIMHUILIBI);

Apass, Epass — Ko3ppUIIMEHTHI 3aTyXaHH B TI0JIOCE TPOITYCKAHHS;

Astop, Estop — koo durrenTs! 3aTyxanus B moyoce 3arpax/JeHusl.

IIpu BeibOpe Equiripple paBHOBONHOBOrO MeTona pacyera (MHHMMAKCHBIA KPHUTEPHil)
HE0O0XOMMO JIOTIOJIHUTENbHO 3a1aTh B rpymme Options (puc. 9) mapamerp Density factor, mo
YMOJTYaHUIO paBHBIN 16.

— Filter Type — Filter Order — Frequency Specifications — Magnitude Specifications
" Lowpass ' Specifyorder. [90° Units: Im Units: lm
" Highpass
{* Bandpass * binimum order Fe: ISDEIEI—
" Bandstop _ Options Fstopl: |50— Astop: |ED—
. IDifferentiator ‘I Density Factor: I‘IE— FpassT: ISE— Apass: |3—
I— Design Method —————
IR IButtelworth vI Fpasse: 105 Astop2  [en
= FIR IEquirippIe ~] Fstop2: 150

Puc. 9. 3aganue napamerpa Options

IIpu BbIOOpe Least-Squares xpurepust MmuauManbHoro CKO Heo0X0auMo TOMOIHUTEIBHO
3agath B rpynne Magnitude Specifications (puc. 10) BecoBble k03dduumeHTH B mon0cax
nporyckanus u 3aaepxuanus Wstopl, Wstop2, Wpass, no ymonuanuio paBHsie 1.

— Filter Type

— Filter Order — Frequency Specifications — Magnitude Specifications

" Lowpass & Specify order: [ 500 Uris: IHz 'I
" Highpass e i Fe 00 Enter a weight value for each
(& Bandpass Iirirum arder B band belaw.
" Bandstop — Dptions Fatopl:  [EQ watopl: |3
| Differentiatar hd . I— . I—
Desian Method There are no optional parameters Fperesl: 35 s 1
= Design Method ——— | ¢ phis design method. Fpass2 Watp2: I—
IR IButterworth "l ' 105 i !
FstopZ:
&+ FIR ILeast-squares 'l g 150

Puc. 10. 3aganue BecoBsix kod¢duipienToB B rpynmne Magnitude Specifications

[Tpu BeI6Ope Window MmeTona BecoBbIX (yHKIHMI HE0OXoauMo 3anath B rpymme Options
(puc. 11) Tun BecoBoi pyHkuuun Window, a Taxke JUIsi HEKOTOPBIX (DYHKIMNA TOMOJHUTEIbHbIC
napaMeTpsl, Hanpumep mapametp Beta mis BecoBoit pynkiun Kaiizepa Kaiser.
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=

Structure: Direct form FIR

n
=

o
=
Order: 500 w
=
Sectionz: 1 % il
Stable:  Yes = Eo
. 2 = artlett
souEz D -150 |- - - -| Bartlett-Hanning --‘ """ -
Blackman H | | 1 |
_ann L—|Blackman-Hams | | | | |
a Buohman 15 2 25 3 R
Chebyshey Freguency (kH)
Flat Top
Gaussian
— Filter Type — Filter Order —— nammlng — Frequency 5Specifications — Magnitude Specifications
' Lowpass % Specify order] i | [ Urits: IHz 'I
" Highpass Huttall
& Band £ Mirimurn ordd Parzen Fa: [ =000 The attenuation at cutaff
SN Rectangular
 Bandstop — Options Triangular Fcl: | 35 frequencies is fixed at 6 dB
' - - ¥ Scale passbd Tukey . .
Differentiator = zer Defined Fc2 105 [half the paszband gain)
I— Design Method ——— | Windaow: K.aiser j
IR IBullerworth vl Funetion name:
& FIR Im Beta I 05
Wi |

Puc. 11. Bribop Tumna BecoBOil byukunn Window

OCHOBHBIE BECOBBIC (DYHKITHH:

e Bartlett — pynkuus baptnerra;

e Blackman — ¢pynkus biskmana,

e Hamming — ¢yskius XoMMHHTa;
Hann — ¢pysxius Xanna;
Kaiser — ¢pynknus Kaiizepa;
Rectangular — npsmoyronbHas GyHKIIUS;
Triangular — tpeyronpHas QyHKIUS;

Jlns  ynpaBieHUs TapamMeTpamMM OTOOpaKeHUs pe3ysibTaToB pacueTa, IpaduKoB U
BBINIOJTHEHUST HAJl HUMM pa3IudHbIX AeiicTBuil Onok mapamerpoB Digital Filter Design nmeer
NaHeslb HHCTPYMEHTOB, COJIEPIKaIly 0 MUKTOTPaMMBI CO CIEAYIOIIUMHU Ha3HAYSHUAMU:

CO3/1aTh HOBBIN OJIOK HAaCTpoiikK napameTpoB LD;
OTKPBITh OJIOK HACTPOUKH mapameTpoB L[D;

COXpaHUTh HACTPOWKHU OyioKa mapameTpoB L[D;

neyaTb COACPIKUMOI'0 OKHaA,

e I O &

OKHO JJIs1 TPEABAPUTENILHOTO MPOCMOTpPA MEPEJ MEUAThIO COJEP>KUMOT0 OKHA §
OTMEHHTH TTOCIIeAHEE ICHCTBHE,

BEPHYTHCS Ha IlIar Ha3aj;

YBEITUYCHHUE COJIEP)KMMOTO OKHa;

YMCEHBIICHUE COACPKUMOT'O OKHA,

(F o W 2 5

BbIBOJ B oTnenbHOM OkHe Filter Visualization Tool napameTpoB CMHTE3MPOBAHHOIO
¢bunbTpa.

Oxno Filter Visualization Tool no3Bosiser BuU3yanbHO MPOCMOTPETHh TaKUE HapaMeTphbl
¢bunbTpa, Kak:

17



AYX ¢unbtpa;
OYX ¢unbTpa;
OJTHOBPEMEHHO B 0yHOM OKHEe M1 AUX 1 ®UX ¢dunbTpa;
MMITYJIbCHAsl XapaKTEPUCTHKA;

peakius GUIbTpa HA CTyIIEHYaTOe BO3/eicTBUE (IIEPEeX0HAs XapaKTepPUCTHKA);

B 7 B E B p

KapTHHA HYJIEH U MOII0COB (PUIIbTPa HA KOMIUICKCHON Z-TNIOCKOCTH;

T

3HayeHue Kod3(pduuumenroB mnepemarouHor ¢ynkuuu ¢uibTpa (Numerator —
ko3 uumeHTs! uncnutens, Denominator — ko3 UIEHTH 3HAMEHATEIS).

2.6.2 buok Gain (ycniauresinb)

[Tockonbky 6mox Digital Filter Design no3BosnsieT pacCUYUTHIBATh TOJBKO HOPMHUPOBAHHBIE
GWIBTPBI, T.. C EJUHUYHBIM YCWJIEHHEM B TIOJOCE MPOMYCKaHUS, TO JUIA TOJXYYCHHUS
KO3QQUIHUEHTOB Mepefayd, OTIMYAOMUXCAd OT €IUHULBI, HEoO0XOAUMO HCHOJIb30BATh
JTOTIONHUTENBHBIN 070K ycmutens Gain (Simulink/ Math/ Gain), puc. 12.

= Nghl Sirnulink "~ —
. b itwiize o )
#| Continuous AHD Bitwize Logical Operatar
# Discontinuities FFFF
2] Discrete [i ii] Cornbinatarial Logic
| Look-Up Tables
# Math Operations 1l Comples to
- Maodel Yerification Ty Magnitude-Angle
- Model-Wide Utilities
T Complex to Reald
] Ports & Subsystems Teiu) armplex o Rieakimag
# Signal Attributes
# Signal Routing - Dot Product
] Sirks ;
| Sources > éGain
# User-Defined Functions

+- Wl Aerospace Blockset
+- Nl COMA Reference Blockset

+- W Communications Blockset e M agritude-Sngle to
W Control System Toolbox . Cornples

AND Logical Operator

Puc. 12. Paconoxxenue 0oxa Gain

Koadumment ycunenus 3amaercs B okHe HacTpoiiku mapamerpoB Block Parameters:
Gain (puc. 13).
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Block Parameters: Gain 3¢
[Fain

Element-wize gain [w = K.*u] or matrix gain [y = K or p = u'k).

Parameters

[Fair;

10

Multiplicatian: |Element-wise[K.“u] ﬂ
| Show additional parameters -

k. | Cancel Help |

Puc. 13. OxHo HacTpoiiku nmapamerpos Omoka Gain

2.6.3 buok Signal Generator (yHMBepcaJbHbI TeHEPATOP CUTHAJIOB)
Jlns Toro, 4troObl MOAAaTh HA BXOA (HUIBTpAa CHUTHAN, HCHOJb3YIOTCS YHHUBEPCAJIbHBIN
reneparop curHaioB Signal Generator (Simulink/ Sources/Signal Generator), puc. 14.

= W simulink all = A
y Conbinuous
(1 Inl
# Discontinuities
#| Discrete

Pulze Generator

2 Look-Up Tables
2| Math Operations

P Madel Verification _/ Ramp
oooo

#| Model-wide Lklities

2+ Parts & Subsystems

23| Signal Attributes

y Signal Rouking

] Sirks

2| Sources

2+ User-Defined Functions
+- N Aerospace Blockset
+- i COMA Reference Blackset E st Signal Builder
+- B Communications Blockset

W Cantral System Toolbo:

+- Nl D3P Blockset

A
W
+- i Dials & Gauges Blockset Step

Randarm Murmber

Repeating Sequence

[ls) Signal Generatar

Sine Wave

+.- 1| Embedded Target For Makarala MPCS
+-- W Embedded Target For TI CA000 DSP
+- Nl Fixed-Point Blockset

Puc. 14. Pacnionoxenue 6;0ka Signal Generator

[Jriform R andom Mumber

B okne HacTpoiiku (puc. 15) 6ioka Signal Generator 3a1ar0Tcst CIeAyIONIUE TAPAMETPHI:
e Wave form — ¢popma curnana:

sine— CHHYCOMJaJIbHbBI CUTHAIT,

square — IpsIMOYTOJIbHBIN CUTHAJI,

saw tooth — muooOpa3HbIi CUTHAT,

random — ciy4aliHbIN cUTHAT (1IyM);

e Amplitude u Frequency — ammiuTy1a ¥ 4acToTa CUTHaNIA;

e Units — eqununa uzmepenus yactotsl (Hertz — ['epuisl unu rad/sec — pan/cex).
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Block Parameters: Signal Generator
Signal Generator

Cutput vanious wave forms,

Parameters

Wwiave form; | square

Amplitude;  [FNE
square

10 gawtooth

randarm

Frequency:

100

Uriits; | Hertz

[v Interpret vector parameters az 1-D

] | Cancel |

Help

<]

Puc. 15. OxHo HacTpoiiku napamerpoB 6soka Signal Generator

2.6.4 buaok Zero-Order Hold (ycTpoiicTBO BbIOOpKH-XpaHeHus, Y BX)

UtoO6s1 Ha Bxoa L{® nonmate mudpoBoii curnai, ucnonb3dyercs YBX, koTopoe nmpeodpasyet
aHAJIOTOBBIN CUTHAJ ¢ BbIXoAa reHeparopa (Signal Generator) B AMCKpETHBIE OTCUETHI CUTHaa. B
kadectBe YBX wucnonwiyercsa 650k Zero-Order Hold (Simulink/ Discrete/ Zero-Order Hold),

puc. 16.
= Wl Sirnwlink. ~
# Continuous
m Discontinuities
m Discrete
% Look-Up Tables
#] Math Operations
#1| Model Verification
21| Model-wide Utilities
# Parts & Subsystems
# signal Atkributes
m Signal Routing
2 Sinks
g Sources
% User-Defined Functions
+- W Aerospace Blockset
+- Tl COMA Reference Blocksst
+- T Communications Elockset
W Contral System Toolbo
+/- W DSP Blockset
+/- W] Dials & Gauges Blockset
+- W Embedded Target For Mokorala MPCS
+- W] Ermbedded Target For TI CE000 DSP

+|- Wl Fixed-Point Blockset
L e ey |

z+0.5

(z1)
=z0 5)

Digcrete Transfer Fon

Digcrete Zero-Pale

Digcrete Filker

Digcrete State-Space

Digcrete-Time Intearatar

Firgt-Order Hald

b ernnm
Drrag this icon into a model

it D elay

Zera-Order Hald

Puc 16. Pacnonoxenue 0oka Zero-Order Hold

B oxne HacTpoiiku 610ka Zero-Order Hold 3anaetcs nepuon auckperusanuu Sample time

(puc. 17).
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Block Parameters: Zero-Order Hold =
Zero-Order Hold
Zera-order hold.

Parameters
S ample time [-1 for inherited]:

1144000

k. | Cancel Help

Puc 17. Oxno HacTpoiiku napameTpoB Ooka Zero-Order Hold

B npumepe, mokazaHHoM Ha puc. 17, mepuoa AUCKPETU3ANHNH OMPEACISETCS M0 TpedyeMoit
yactote auckperuszanuu, T.€. 4000 I'm. Crnemyer MNOMHUTB, YTO YacTOTa AMCKPETHU3ALINH,
BbicTaBieHHass B Onoke Zero-Order Hold, momkna ObITh paBHA YacToTe AuMCKperuzanuu Fs,
yKa3aHHOU npu pacyete nudpoBoro Guibtpa (1. 2.6.1).

2.5.5 baok Step
brox Step (Simulink/ Sources/ Step), puc. 18.a, ucnons3yercss Ais BOCIPOU3BEACHHUS
CTYTIEHYATOTO BO3IEHCTBHSL.

— El Slmullnk A lLI PO W UIEEPaCeE A

g Continuous

] Discontinuities From File

2‘ Discrete

2] Look-Up Tables E Giround Block Parameters: Step |

] Math Operations

- —Step

] Model verification Inl

#1] Model-wide tiliies Dutput a step.

] Ports & Subsystems

Pulse Generator

2] Signal Attributes ﬂ_ﬂ — Parameters

] signal Routing Step time:

2] Sinks Riamp

y Sources

3 User-Defined Functions !-_,||||_|'||_||1! Frandom Number Initial walue:
+ W Aerospace Blockset ID
+- N COMa Reference Blockset Repeating Sequence
+- N Communications Blocksst Final walue:

% Control System Toolbox ‘g:'o“ Signal Gieneratar I.I
+ DiSP Blockset
+ El Dials & Gauges Blockset . § Sample time:
s
+- | Embedded Target for Motorala MPCS Sianal Buider ID
+- | Embedded Target for TI C6000 DSP
+- g Fixad-Point Blocksst @ Sin wave ¥ Interpret vector parameters az 1-0
¥ §| Fuzzy Logic Toolbox X .
B MPC Blocks E i [¥ Enable zera crossing detection

+- N NCD Blockset
+ W] Meural Network Blockset jlidl M Urifarm Fandom Mumber || 0K I Cancel | Help | Apply |
< > w

a) 0)
Puc. 18. Paconoxenue 610ka Step (a) 1 OKHO HACTPOMKH eTo mapameTpoB (0)

[Ipy OTKpBITMM OKHA HACTPOMKM MapaMeTpoB curHama, puc 18.0, B rpage Step time
3a/laeTcsl BpeMsl Hayalla CTyleH4YaTtoro Bo3zeiictBusi, B rpadax Initial value u Final value —
HavaJbHOE M KOHEYHOE 3HAYCHUS aMIUTUTY bl CTYIIEHUATOr0 BO3ACHCTBUS, B Tpade Sample time —
NEepUOJT TUCKPETU3alMM BBIXOJAHOTO CHTHaja (€ciy HEepuoJ PaBeH HYJIO, TO CHUTHAJ CUHUTAaeTCs
HENPEPHIBHBIM).

YroObl HaWTH OTKIMK (PUIbTpAa HAa €AMHUYHOE CTyNEHYaTOe BO3ACUCTBHE (MepexXoaHYI0
XapaKTePUCTHUKY ), HY>)KHO COCTaBUTh CIEAYIOILYI0 CTPYKTYpHYIO cxemy (puc. 19).
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FDATaal

| FJ_LLHT—H:l

Step Zero-Order Fain -
Filtar Design Srope

Puc. 19. CtpykTypHas cxema JIjs onpeAeseHUs NePEeXoaHON XapaKTepUCTHKH PHUIbTpa

2.6.6 buaok Scope (ocunsutorpad)
JlJ1s BU3yaJIbHOTO MPOCMOTPA CUTHAJIOB MCTIONB3YIOT OJIOKH, KOTOpPBIE IPU MOJEIUPOBAHUH
UTPalOT POJb CMOTPOBBIX OKOH; K HMM Tarkke OoTHocuTcs Onok Scope(ocumiorpad) (Simulink
/Sinks/ Scope), puc. 20.
=1 g sirnwlink S
y Continuous
y Discontinuities
y Discrete
# Look-Up Tables

Digplay

Floating Scope

#1| Math Operations Cutt
2| Model verification

# Model-wide Utilities 'S cape
# Parts & Subsystemns

¥ signal Attributes

Stop Simulation
y Signal Routing F

wH O [ Dm

*+| Sinks
# Sources Teminater Drag this ical
¥ User-Defined Functions

+- W Aerospace Blockset untitled. mat| To File

+- T COMA Reference Blocksst

+- W Communications Blackset simout | To'Woarkspace

W& Cortrol System Toolbox
Puc. 20. Pacnionoxxenue 610ka Scope

bnok Scope uMeeT oIuMH BXOJ U IO3BOJSET B IpOLECCe MOJEIUPOBaHMUs HaOII0NaTh
MHTEpECYIOIIMe TOoJb30BaTeNsl mpouecchl. OCHOBHBIM IapaMeTpoM ociuuiorpada sBiseTcs
KOJINYECTBO BXOAOB (T.€. KOJIMYECTBO OTOOPAXKAEMBIX CHUTHAJIOB, OJHOBPEMEHHO B OKHE MOXET
oroOpaxkaTtbes 10 30 curHamoB). B 3aBHCHMOCTH OT KOJIMYECTBA CHUTHAJIOB OCLMILIOrpad MOXET
HUMETh HECKOJIBKO KPAHOB. DKpaH ocHuiuiorpada ¢ IByMsl BXOJaMH BBIMJISIUT TaK, KakK IMOKa3aHO

Ha puc. 21 (mIHKTOrpamMMa BBITIISIANT TaKk  “°°P¢ ),
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rScnpe E]@ﬁ
SBE LLL ARE B L F

oo 0.02 003 0.04 005 006 ooz 0.03 0.09

Time offset: 0

Puc. 21. Dxpan ocimunorpada Scope ¢ 1ByMsi BXOJaMu

Haxxatne nukTorpamMmsbl
(Scope parameters), puc. 22.

B rpade Number of axes 3amacrcs xoimdecTBo BX0ja0B ociuniorpada, Time range —
BEPXHUI Tpeaen BpeMeHH, oToOpaxkaemoro Ha ocu abcumce, Tick labels — otoOpaxkenue oceit
koopaunat (all — Bce ocu, none — HeT ocelt, bottom axis only — ToapKO ropu3oHTaNIBHAS OCH).
Pexomennyercs HCTIONB30BATD HAaCTPOMKHU, BBICTABIEHHBIE 10 YMOJIYaHUIO.

‘Scope” parameters g o .

General | Ciata history | Tip: try right clicking on axes

MPUBOJIUT K TMOSIBJICHUIO OKHA HACTPOMKH MapaMeTpoB Scope

fres

Murmber of azes; | 1 [ floating zcope

Tirme range: | auta

Tick labels: |I:u:|ttn:-n'| avis anly j

i all
Sampling | none

Im bi'ulmln a3 oy

] | Eancel| Help | Apply

Puc. 22. OxHo HacTpoiiku nmapaMmeTpoB 0Ji0ka Scope

2.7. Pe:knMbl MOACIHPOBaHUs cucTeM B nporpamme Simulink (menro Simulation)

He cmotps Ha TO, uto MeHI0 Simulation (MopenupoBaHHE) COAEPKUT BCEr0 HECKOJIBKO
KoMaH/ (puc. 23), UMEHHO OHU UTPAOT OCHOBHYIO POJIb MPH MPOBENECHUN HCCIEAOBAHUN MOJEIH.
ITocpencTBOM 3TUX KOMaHJ pPa3pabOTUUK IOJIy4aeT BO3MOXKHOCTh HE TOJBKO JAMHAMUYECKU
YIOPaBIATh CEAHCOM MOJEIMPOBAHMS, HO U M3MEHATh MHOTME Ba)KHEHIIME MapaMeTpbl MOJEIH,
Takue, HallpuMep, Kak Croco0 M3MEHEHHs MOJEIbHOTO BPEMEHH, aJrOpUTM pacdera U ¢opmar
IIPEICTABIECHMSI PE3YJIbTaTOB MOJAEIUPOBAHMS.
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W Signal * M=1%

File Edit Wiew | Simulation Format Tools  Help

0= H é Skart Chrl+T J—
Simulation parameters,..  Chr4+E

Mechanical environment., ..

v Mormal
ooC
e Accelerator
Exkernal
Si Qe e
Generator
100%% oded

Puc. 23. Meunro Simulation

PaCCMOTpI/IM nonpo6Hee cpeacTtBa YyIIpaBJICHUST MOJACIIBIO W IIapaMCTpaMH CCaHCa

MOJACIMPOBaHNA,

KOTOpBIE TPENOCTaBisieT uccienoBaTento okHO Simulation Parameters

(mapameTpbl MOJICIMPOBaHUs), puc. 24. DIEeMEHThI yIIpaBieHHUs Ha BKIajgke Solver coOpaHsl B Tpu

IPYIIIIBL.

Simulation time (uHTepBaJ MOJEeNUpPOBaHMA) — BBIOOP HHTEpBalIa MOJCIUPOBAHMS
MIOCPEJICTBOM YKa3aHUsl HayaJlbHOTO (Start time) u koHeuHOTrO (Stop time) 3HaYeHUIT MOETBLHOTO

BpPCEMCHHU.

Simulation Parameters: Signal

ME X

Solver

Sirnmulation time:
Start tirme: | 0.0 Staop tirme: | 0.1

Salver options

WDrkspaceI.-"El| Diagnnstics| .ﬁ.dvanced| Heal-TimeWDrkshnp|

Type: |Fi:-:ed-step ﬂ | oded [Runge-Futta)

[

Fixed step size: | 1e-4

Output ophions

[

Mode: |Auto -

—

(] | Cancel

Help |

Puc. 24. OKHO yCTaHOBKH ITapaMeTPOB MOJEINPOBAHMUS

Solver options (mapameTpsl pacdyeTa) — BBIOOpP METO/A pealin3aiui (pacyeTa) MOICIH.

Output options (mapameTpbl BBIBOAA) — IapaMeTpbl BHIBOAA BBIXOJHBIX MapaMETPOB
MOJIEIUPYEMON cUCTEMBI (TIPU MOJIETUPOBAHUY C IEPEMEHHBIM I11ATOM).

[Ton BEIOOpOM MeTOMa peanu3alii MOJICITH UMEETCsS B BHLy cienyromee. mest cTpykTypy

UCCIIEyeMOH CHCTEMBbl B BHJAE OJIOK—IHAarpaMMBI,

pa3paboTUYMK MOXKET BBIOPATH METON

otoOpakeHHst X01a MojearpoBanus. C TIOMOIIBIO IBYX packiaabiBatommxcs cruckoB Type (Tum)
CUCTEMa MOXET OBITh PeaTu30BaHa B CICAYIOIMUX GopMax:

24



® C JUCKPETHBIMH COCTOSHHUSIMH U JHUCKPETHBIM BpPEMEHEM Iepexoja U3 OJHOT0
COCTOSIHUS B JIPYTOE;

®  C IUCKPETHBIMU COCTOSIHUSIMU U HETIPEPHIBHBIM BPEMEHEM Tepexo/ia;

®  C HEMPEPHIBHBIMU COCTOSIHUSMHU U JTUCKPETHBIM BPEMEHEM MEPEXOJIOB;

®  C HENMPEPHIBHBIMH COCTOSIHUSMHU U HEMPEPHIBHBIM BPEMEHEM MEPEX0/I0B.

[TepBsiii ciucoOK (ceBa) MO3BOJISIET BEIOPATh CIIOCOO M3MEHEHHUS MOJICTILHOTO BPEMEHHU:

e Variable — step (nepemMeHHBII 11aT') — MOJACIUPOBAHUE C TIEPEMEHHBIM I11ar0OM;

¢ Fixed — step (dbukcupoBaHHBIH 11aT) — MOJEIUPOBAHKE C (PUKCHPOBAHHBIM IIIATrOM.

Bropoii cnircok (cmpaBa) mo3BoJiIe€T BHIOpaTh METOJ pacuera HOBOTO COCTOSHUSI CHCTEMBI.
[lepBrrit BapuanT (discrete) obecneunBaeT pacdeT AMCKPETHBIX COCTOSIHUN cUCTeMbl. OcTalbHBbIC
MyHKTHI CIUCKa 00ecreynBaloT BbIOOp METo/a pacueTa HOBOTO COCTOSHHS JAJsi HEMpPepBIBHBIX
cUCTEeM. DTH METOJbI pa3iauyaroTcs A nepemenHoro (Variable — step) u s pukcupoBaHHOTO
(Fixed — step) mara BpeMeHHU, HO OCHOBaHbI Ha €IMHOW METOJIMKE — pelIeHHEe OOBIKHOBEHHBIX
middepeHranbHbIX ypaBHeHUH(0de).

Huxe nByx packpsiBaromuxcst crnuckoB Type HaxoauTcs Imosie, Ha3BaHHE KOTOPOTO
M3MEHSIETCS B 3aBUCHMOCTH OT BBIOPAaHHOTO CHOCO0a W3MEHEHHs MOJIEIBHOTO BpPEMEHHU
(pekoMeHayeTcsl OCTaBUTh apaMeTPhl IO YMOIYAHHUIO).

[TapameTpsl ApyTUX BKIAJAO0K TAKKE MOYKHO HCIIOJIB30BATh 110 YMOJTYAHUIO.

3. IPOTPAMMHOE OBECIIEUEHUE

[Tpu BeIMONHEHNH JTab0opaTOpHOI paboThl Mcmonb3ytoTces nporpammbl MATLAB Bepcun
6.0 u BbIIE, a Takke Mathcad Bepcuu 2000 u BbIIIIE.

4. IPOTPAMMA JIABOPATOPHOI PABOTBI

4.1 U3yuutp ocobOenHoctH cuHTe3a KUX-GuibTpoB MeTogamMu BECOBBIX —(DYHKIIHH,
YaCTOTHOM BBIOOPKH, a TAKXKe YUCICHHBIMU METOIAMH.

4.2 Boimonuuth B makere mnporpamMm Mathcad cunte3 KUX-dunptpa mo amroputmy
YCpEIHEHUs, paccuuTarh Kod(pUIMEeHTH mnepenarounoil ¢ynkuumu LD, mposeputsb
COOTBETCTBUE 4YAacTOTHl cpe3a 3aJaHHbIM TpeOoBaHusM. HaiiTu nepexoaHyro
XapaKTepUCTUKY (PUIbTpA.

4.3 Bommonuuts B makere mnporpamm MATLAB cuntes KUX-bunabTpoB mertomamu
BecoBbIX ¢yHkuui Kaifzepa, mo kpureputo MuHumanbHoro CKO u paBHOBOJIHOBOMY
kputeputo. Paccuutate kodddummentsl nepemarouHoir (ynkmuu LD, mpoeputh
coorBercTBUe AUX 3amaHHBIM TpeboBaHMsIM. HaillTu mepexoiHyio XapakTepUCTHUKY
¢unbTpa. HalitTu oTkauku ¢QuiabTpa Ha TapMOHUYECKHME CUTHAJIbl B I0JOCE
NPOMYCKaHUs U MOJI0CE 3a/I€P’KUBAHMSL, OLICHUTHh N30MpaTeNIbHbIE CBOWCTBA (PUIIBTPA.

5. KOHTPOJIBHBIE BOITPOCBI

5.1. UYro Takoe UMITyJIbCHAs XapaKTepUCTHKa U TiepeaaTrouHast Gpynkius L{D?

5.2. Yto takoe nmopsaaok L1 u kak ckazpiBaeTCs €ro 3HaYCHUE NpH peanu3anuu GuibTpa’?

5.3. Or Kakux HapaMeTpoOB 3aBUCUT 4YacTOTHas Xapakrepucrtuka LI® no amropurmy
ycpenrenusi? KakoBa 3anuch anroputMa paboTsl Takoro GuiabTpa?

5.4. Kaxos nopsinok pacuera KUX-punpTpa MeTo10M BeCOBBIX (DyHKITHIT?

5.5. Kakue BbIpakeHHsI ONMCHIBAIOT UMITYJIbCHBIE XapaKTEPUCTUKH naeanbHbix [[D: ®HY,
[H®?

5.6. Kakum o0pa3oM 3ammcChIBaeTCs KPUTEPU MHHHUMYMa CPEIHEro KBajpara ONIHOKH
(CKO) npu pacuere LID ynucnenapiMu Mmetogamu?
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5.7.

Kakue OCHOBHbIE METOABI M Pa3HOBUJHOCTU METOAOB HCHOJIB3YIOTCS B IAKETe
nporpaMmm MATLAB nns pacuera KUX-dunsTpor?

5.8. Kakuwe mapamerpsl (uibTpa MO3BOJSIET BHU3yaJIbHO mpocMoTperh okHO Filter
Visualization Tool 61oxa napametpos Digital Filter Design?

5.9. Jlns gero ucnonb3yercs 610k Gain npu moaenupoBanun padotsr [{D?

5.10. KakoBo Ha3HaueHue 6s10ka Zero-Order Hold npu monenupoBanuu padotsl L{D?

5.11. Kakum o6pa3om 3amaercs nepuoj nuckperuzanuu 0ioka Zero-Order Hold u uemy
OH JIOJKEH OBITh paBeH?

5.12. Kakue napameTpbl HEOOXOUMO YCTAaHOBHUTH, UYTOOBI Ha BBIXOE 0JIOKa Step Mmoixy4uTh

HENpepbIBHOE/IUCKPETHOE CTYNEHYAaTOe BO3/eicTBIE?

6. ITOPAJIOK BbIIIOJIHEHNM A IABOPATOPHOI'O 3ATAHUA

6.1 IloaroToBUTHh M BBECTH B MPOTpaMMy HMCXOJHBIE JaHHbIE (M. 2.2.1) B COOTBETCTBUU C

3alaHHBIM BapUaHTOM (110 HOMEpPY KOMIIBIOTEPA),

HEOOXOOUMBIE JUIA CHUHTE3A

uugposoro ®HY: anroput™m — ycpeaHenue no N-orcueram (m. 2.2); yactoTa cpesa

F.; koappumment ycunenust KO; yacrora auckperusammu F,=16 xl'm.

BapuanTt 1 2 3 4 5 6
F. 100 I'g 200 I'n 300 I'n 400 I' 500 I'n 600 I'g
KO 10 20 30 40 50 60

[TonoGpate mopsmok ¢uibtpa N nams oOecnedeHuss TpeOyeMoll 4YacTOThI cpe3a u

K03 uLMeHTa ycuaeHus Ha MOCTOSIHHOM TOKe (M. 2.2.2-2.2.5).

OLeHUTh OTKIIOHEHUE YaCTOTHI cpe3a GUiIbTpa OT 3aJaHHOM.

[oxa3zaTp ko3 uIMeHTs nepeaarouyHont pyHkuuu u AUYX.
6.2 Cosznatp monens ¢punbTpa (m. 2.6.1) B nporpamme Simulink.
[ToAroTOBUTH M BBECTH B MPOTrpaMMy MCXOJHBIE HaHHBIC (M. 2.6.1) B COOTBETCTBHH C
3alaHHBIM BapHaHTOM (10 HOMEPY KOMIBbIOTEpa), HEOOXOIUMBbIC i CHUHTE3a
mudposoro mnosiocooro ¢puabrpa (IIdP): merog pacyera — BecoBble (GYHKIUM
Kaiizepa (m. 2.3.3, 2.6.1); ueHTpaipHas uyacToTa TMOJOCH THpomyckanus F;
koddurment ycunenuss KO, momoca mpomyckanust AF=0.1-F; mynbcanuu B mosioce
nponyckanus — 3 nb; ocnabnenme Ha yactore Fstopl=0.5- F, 60 nb; na wactrote
Fstop2=2- F. — 80 gb.

Bapuant 1 2 3 4 5 6
F, 100 I'g 200 I'g 300 I'g 400 I'g 500 I'g 600 I'n
KO0 10 20 30 40 50 60

Yacroty nuckperusanuu Fs ycraHoBUTH paBHOM 16 KI'LI.
@UIbTP JOJKEH UMETh MUHUMAJIBHBIN MOPSIIOK.

6.3 IlpousBectn cuHTe3 GuibTpa. [IpocMOTpeTs M NpPOAHANU3MPOBATH CIEIYIOIINE
napameTpsl GuibTpa: KodhdunueHTs! nepeaatounoit pyakuuu, AYX.

6.4 Ilomars Ha Bxon LI® enunumyHOe cryneHuyaToe Bo3aeiicTBUE (M. 2.6.5) ¥ BBIUKUCIUTH

MEPEXO/IHYIO XapaKTEPUCTUKY CUCTEMBI.

6.5 Ilonate Ha Bxox L|® rapmonudeckuit curnan (m. 2.6.3) ¢ yacroroit Fx paBHo# uacTtoTe
F. u equanynoit amrmutynoit. I[loctpouTs rpaduku BXOJIHOTO M BBIXOJHOTO CHUTHAJIA.
Onenuts U30UpaTenbHbIe CBOMCTBA (HIIBTPA.

6.6 IloBTOpUTH 1.6.5 1J1sI rapMOHMYECKOT0 CUTHaNa ¢ yactorod Fx=2-F..

6.7 lloBTOPUTHL MYHKTBI 6.2 — 6.6 mns 1wdposoro mojocoBoro ¢uibtpa (I1D),

paccUYUTaHHOTO MO paBHOBOJIIHOBOMY KpuTeputo Equiripple (m. 2.6.1, 2.5): nentpanbHas
gacrota mosiockl nponyckanus Fg; koadduument ycunenus KO, momoca npormyckanus
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AF=0.1-F;; mynbcanuu B mosioce mpomyckanus — 3 1b; ocmabnenue Ha wyacToTte
Fstop1=0.5- F, 60 nb; na yvacrore Fstop2=2- F. — 80 nb.

Bapuant 1 2 3 4 5 6
F. 100 I'g 200 I'n 300 I'n 400 I' 500 I'n 600 I'g
KO 10 20 30 40 50 60

Yacrtoty nuckperuszanuu Fs ycranoButh paBHoi 16 xI'.
[opsinok ¢unbTpa noMKEH OBITH paBeH HOPSAKY (UIBTPA, PACCUYUTAHHOIO METOAOM
BecoBbIX pyHKMN Kaitzepa, m. 6.2-6.6.

6.8 IloBTOPUTH NYHKTBHI 6.2 — 6.6 M1 1mppoBoro mnomnocoBoro ¢uibTpa (I1D),
paccuutaHHoro mno kpurepuro MuHHManbHOoro CKO Least-squares (m. 2.6.1, 2.5):
LIEHTpaJbHasl YacToTa MOoJIOCH mpomnyckanusa F.; koaddunmuent ycunenus KO, momoca
nponyckanus AF=0.1-F; nmynascauuu B monoce npomyckanust — 3 n1b; ocnabneHue Ha
yactote Fstop1=0.5- F. 60 nb; na yactore Fstop2=2- F, — 80 ab.

Bapuant 1 2 3 4 5 6
F. 100 I'g 200 I'n 300 I'n 400 I' 500 I'n 600 I'g
KO0 10 20 30 40 50 60

Yacroty nuckperuszanuu Fs ycraHoBUTH paBHOM 16 kI '1I.
[opsnok ¢unbTpa n0oMKEH OBITH paBeH HOPSAKY (WIBTPA, PACCUYUTAHHOIO METOAOM
BecoBbIX QyHkumi Kaiizepa, m. 6.2-6.6.
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