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aBTOMATHUYECKOTO YIPABJICHUS JJII MEXaTPOHHBIX CHUCTEM U POOOTOB.
IIpuBeneHbl KpaTKUE CBEACHUS W3 TEOPUH, METOJIMKA BBITOJTHEHUS
pabOoThI, BApUAHTHI 3aJJaHUM, IPUMEDHI.

Meroauyeckre  yKa3aHHS ~ COOTBETCTBYIOT  TpeOOBaHUAM
IpOrpaMMbl, YTBEPKJIEHHOW Y4EOHO-METOJUYECKUM OOBbEIUHECHUEM
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IpakTnueckas padora Ne 5
OUJIBTP KAJIMAHA

ITocTanoBKa 3a1a4u

Uccnenyercs Moaenb 00bEKTa YIPABICHUS B BUJE:

J.\" = Ax + Bu + Gw

l_\:‘ =(x+Du+ Hw+v (1)

C H3BCCTHBIMM BXOJaMH U H BOSMYIICHUAMH 110 BXogaM W U
U3MCPCHUAM V, KOTOPBIC SABIIAKOTCA «OEJIBIMY ImyMmomM CO CJICAYIOIINMHU
XaApPAKTCPUCTUKAMM !

M p(0)w(t)" }= N&(t - ). )

TpeOyeTcs BBINOJHUTH CUHTE3 HAOMIOAATeNs IJisi OLCHUBAHUS
BEKTOpa TEPEMEHHBIX COCTOSIHUS OOBEKTa, KOTOPHIM MHUHUMHU3UPYET
YCTAaHOBUBIIIYIOCS OIIUOKY OIEHWBAHUS

P =limM x-(x-9}

3)
Kparkue cBegeHus U3 Teopuu

[TycTe MHOTOMEpHAsl CHCTEMa ONpEACIACTCS KaK CHCTeMa C
|-BxomamMu 1 N-BBIXOJIaMH, y KOTOPOH MPEoOpPa30BaHKUE «BXOJI-BBIXOI»
3aJIaHO B BHJIC MaTPUIHOW UMITYJIbCHOU Tiepexoanon Gpynkmmun K(t, 7).
Iycts U(t) - |-mMepHsiii BekTop Bxoma dmibtpa, a X(f) — N-MepHsIit
BEKTOp BbIXoza. Torna cBs3b Mexay BekTopamu X(t) u Y(t) onpenenena
UHTETPAJIOM:



X ()= [K(t,0)Y (t)dr, X (1) =0
I

[Tycte Y(t) — neWCTBUTENBHBIA CIyYailHBIA TPOIECC C HYJIEBBIM
MaTeMaTUYECKUM OKUJTAaHUEM U KOppensnuonHor GpyHkmuen Ryy(t, 7).

O003HaYMM HOPMY ITPOU3BOJILHOM KBaJApaTHOW MaTpullbl B uepes
||B|| m ompenenum e€ caeayrommum 00pa3oMm:

|B] = Jtr (BB’

rie tr() — cien, T.e. cymMMa JIMaroHaJ bHBIX 3JICMEHTOB MaTPHIIBIL.
[TycTh Ha BXOJ MHOMOMEPHOro (pHIbTpa MOCTYIACT MCKaKEHHBIH
CUTHAJI KaK cyMMa rosie3noro curaana M(t) u momexu N(t), T.e.

Y(t) = M(t) + N(b),

rae M(t) u N(t) - |-mMepHBIE BEKTOPBI ¢ U3BECTHBIMU KOPPEISIIUMOHHBIMU
byaknusaymu Rym(t, T) 1 Ryn(t, 7).

[Mpenmnosoxum, 94TO CYIIECTBYET uaeaabHbIl BXoa X(t) HekoTopoi
CHCTEMbI, KOTOPBIA OINpeIeNseT JKeIaeMblii BBIXOJ M CBS3aH C
TI0JIE3HBIM CHTHAJIOM COOTHOIIICHUEM

X()= j (LM (t)dr,

L

rne Kp(t, ) — MaTpuma HMIyJIbCHOW IepelaTouHoN (QYHKIIUN
UJeaJTbHON CUCTeMBI. PacCMOTpHM BEKTOp OIIHOOK

X'(H=Xt)- X(1).

3agaya COCTOUT B TOM, 4YTOOBI BBIOpaTh Takyr (HUUYECKU
pean3yeMyr0 MaTPUYHYI0 HMMIYJIbCHYIO TIEPEXOJIHYI0 (PYHKIHIO
K'(t, ©) Tak, 4TOGBI MATEMATHYECCKOE OXKHIAHHE KBAAPATa HOPMBI
omK1OOK ObIII0O MUHUMAITLHBIM

-\i{|.\ “ }— min , (@)
rae K(t, ) = 0.



B 3aBucuMocTH OT TOro, Kakas 3ajadya CTOMT: IPOTHO3UPOBAHUE,
bunpTpanuy uan criaaxkuBanue, ompeaenserca Kip(t, 1) uacanpHOM
cuctemsl. B 3amaue prmprpamuun X(t) = M(1), T.e. Kp(t, T) = E*o(t - 1).
[Ipy TakoW MOCTAaHOBKE 3a/1a4ul MHUHHUMYM CPEIHEKBAJIPATUUECKON
ommbkn (4) ompememstercst MUMII® K'(t, 1), momyuaemoii u3
00001eHHOr0 ypaBHeHUs Bunepa-Xomnda /111 MHOTOMEPHBIX CUCTEM

R, (1,T)= J' /'\'”(1,.\‘)R,.}.(.\‘,‘c)c/.\' :

N3BeCTHO, 4YTO €CiiM Ha BXOJ CHUCTEMbI IIOCTYIIAET CIIyYalHBIN
curHan Y(1), sBustomuiics CTallMOHAPHBIM, B IMUPOKOM CMBICIIE,
CIIy4yallHbIM MPOLECCOM, ONTUMAJIbHYI0 MATPUYHYIO MEpPEIATOYHYIO
¢yakmuro  W(S) MHOromepHoro  QwiIbTpa  MOXHO  IOJYYHTH
(dakTopU3anMell pallMOHATLHOW MaTpPUIlbl CHEKTPAIbHBIX IIOCKOCTEM.
B ciayyae HecTaMOHAapHOTO CIy4allHOTO Mpolecca pelieHue
MHTErpaJIbHOTO ypaBHeHUs BonbTeppa 1-ro pona gaxe A CKalIsIpHOTO
Cly4yass MpEACTaBISIET CEpPhE3HBbIE TPYIAHOCTH, HE TOBOPS YXKE O
BEKTOPHOM.

Kanman B cBoux paborax MoauuUUIMpPOBal MOCTAHOBKY 3aJaud
MHOTOMEpHOW (QuibTpaiuu Bunepa, nmpugaB el ¢opmy npoOIeMbI
IPOCTPAHCTBA COCTOSIHMS. B pesynbpTare Tako Moau@uKamuu ObLT
nonydyeH  ¢uiabTp  Kanmana,  ocyllecTBISIOMMI  HOPOUEAYPY
PEKYPCUBHOTO OIEHHWBAHUA, KOTJa MOJICKAIINN OLEHUBAHUIO CUTHAI
ABJIAETCA ~ BXOAHBIM  CUTHAJIOM  JIMHEMHOW  HECTAllMOHAPHOMN
TUHAMHUYECKOU CUCTEMBI.

PaccmoTpuM HENpephIBHYIO MOJIEIh 00BbEKTa YIIPaBICHUS

[% = Ax+Bu+Gw
].\'\‘ =Cx+Du+ Hw+v

C M3BECTHBIMH BXOJaMM U H BO3MYIICHUAMH 110 BXoaaM W U
HU3MEPEHUSIM V, KOTOPBIC SBIISIOTCS «OCIBIM» IIYMOM CO CJICTYIOITUMH
XapAKTEPHUCTUKAMMU



M {w} = U{}

\1{\1(1)\1( ) (t-1),

M p(t)v(r)" = R3(1 - 1),
{\(l)u(r) }——- No(t - 7).

0,
= O8(

TpeOyeTcs BBINOIHUTH CUHTE3 HAOMIOJATENS sl OLIEHUBAHUS BEKTOpA
NEPEMEHHBIX  COCTOSIHUA  OOBEKTa,  KOTOPHIM  MHUHUMHU3HUPYET
YCTAaHOBUBIIIYIOCS OIIMOKY OLEHUBAHUS

P =limM {(x - &)(x - 2)"

OnrtuMaabHBIM peuICHUCM ABJIACTCA (1)I/IJ'IBTp KaJ'IMaHa,
ONKCHIBACMBbIN YpPpaBHCHUAMUA

5 X+ Bu+ L(y, —Cx— Du),

Al

rje marpuiia ko3¢ UIMeHToB oOpaTHBIX CBs3el L ompenensercs Ha
OCHOBE pENICHUs aJIre0panvyeckoro MaTpu4HOro ypaBHeHHUs PukkaTu.
Hanpuwmep, npu H = 0 nucniepcus P onpenensieTcst u3 ypaBHEHUs

> v")

AP+ PA" - (PC" +GN)R(CP+N'G") + GQG' =0,
matpuua L = APCT(N + CPC)™.

Habmonarens (puc. 1) oobenunsier ¢punstp Kanimana u oObekT
yIpaBJICHUS.
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Puc. 1. Haomromarens Kanmana

HaOnronarens uCHonb3yeT M3BECTHBIE BXOJbl U M pe3yJIbTAaThl
U3MEPEHUH Yy, UCKAXKEHHBIE CIIyYallHBIMU TTOMEXaMHU, JJI1 TOro, YTOObI
BBIYHUCIIUTH OIICHKH BEKTOPA NMEPEMEHHBIX COCTOSHUS X U BBIXOJIOB .

[TycTh 3a1ana AUCKpeTHAA MOJIEIb 00bEKTa YIPABJICHUS

[ x[n +1] = Ax[n]+ Bu[n]+ Gw|n]
11 [n] = Cx[n]+ Du|n]+ Hw|n]+ v[n]

C U3BECTHBIMU BXOJaMHU U ¥ BO3MYUIEHHUSAMH 110 BXojaM W U
U3MEPEHUSM V, KOTOPBIE SIBISIOTCS «OEIbIM» IIYMOM CO CJIEYIOIIUMHU
XapaKTEePUCTUKAMU:

Vi {wh=M{}=0,

M {w[n]w[ m)' }= s,
V4
i

Wnlv[m] }= RS
st = Ao

w2

TpeOyeTcs BBINOJHUTH CUHTE3 HAOMIOAATeNs JJisi OLEHUBAHUS
BEKTOpa TIEPEMEHHBIX COCTOSIHUS OO0BEKTa yHpaBJiCHUS, KOTOPBIN
MUHHUMHU3HUPYET YCTAHOBUBIIYIOCS OIIMOKY OILICHUBAHMUS,

P =lim M {x-2)x-%)}.



B sTom cinydae ¢punbtp Kanmana onuceiBaeTcsi ypaBHEHUSIMU:

[.{‘[n +1]= Ax[n] + Bu[n)+ L(y, — CX[n] - Du[n]),

ITin]] [Cu-mo)). . [U-cmyp CMTun] 1
i = x[n]+

l || 1= mc _MD M| y.[n]

rae marpuna kodguuueHToB oOpaTHbIX cBA3ed L m HOBas marpuua
KO3 PuureHToB 0OpaTHbIX CBA3CH M OnpenensioTcs Ha OCHOBE
pElIeHHs] MATPUYHOTO aJIredpanyeckoro ypaBHeHusi Pukkaru.

Habmogatens oObeaunser ¢GuibTp Kanmana © 00BEKT
YIIPaBJICHUS; OH HCIOJB3YeT W3BECTHBIE BXOABI U[N] W pe3yibTaThl
u3MepeHnii ,[N], WCKakeHHBbIC CIydalHBIMH IIOMEXaMH, IS TOTO,
9TOOBI BBIYKCIUTL OIICHKH BEKTOpPA IEPEMEHHBIX COCTOSIHHS Xx[n] U
BBIXOZ0B y[n].

OOHoBieHHas MaTpuia Kod(h(UIIMEHTOB OOpaTHBIX CBs3ed M
NPUMEHSIETCS JIUIsl TOTO, YTOOBI YTOUHUTH MpeacKazanue x[#] Ha ocHOBe
n3Mepenus Y,[n]:

X[n+1]=X[n]+ M(y [n] - Cx[n]— Du[n]).

MeToanka BbINOJHEHUS PA0OTHI

Hns cunteza ¢unbtpa Kanmana mnpenHazHayeHbl ClEIyIOLINE
¢byukuuu Control System Toolbox:

[kest, L, P] = kalman(sys, Qn, Rn, Nn)
[kest, L, P] = kalman(sys, Qn, Rn, Nn, sensors, known)

JUT TUCKPETHBIX MOJICJIEN
[kest, L, P, M, Z] = kalman(sys, Qn, Rn, Nn)

Ul CUHTEe3a JuckpetHoro ¢uibpTpa KamMana s HempepbIBHBIX
CHUCTEM

[kest, L, P, M, Z] = kalmz(sys, Qn, Rn, Nn)



[IpuBeneHHbIC BBINIC (DYHKIUH BBITOJHSIOT CHHTE3 (UIBTPOB
Kammana ju1s OlleHKH TIepEeMEHHBIX COCTOSTHUS O0BEKTa yIPaBICHUS Ha
OCHOBE JaHHBIX O CIIyYalHBIX BHEIIHHUX BO3MYIICHHUSAX M OIIHOKaX
U3MEPEHUM.

Ha cuctemy, onuCHIBAIONIyI0 OOBEKT YIPABJICHUS U CIydailHbIC
BO3ICHCTBYSI HAKJIABIBAIOTCS CIICAYIONTUE OTPaHUICHUS:

- mapa matpuil (C, A) momkHa ObITh OOHAPYKHBAECMOIA;

- He0OXOIMMO BBHITIOTHEHUE HEPABEHCTR

R>0, 0-NR'NT,
C y4eToM 0003HaYEHUM
O=GOG", R=HN+N"H" + HOH", N=G(QH" +N).

J1J1s1 BBITTOTHEHHS TIPAKTUIECKON paboThl HEOOXOIUMO BBITIOTHUTH
CJIEIYIOIIUE TCUCTBUS:

1. U3yunTh TEOPETUYECKHUE CBEIICHU.

2.3anyctuth cuctemy MATLAB.

3.IIpousBecTu pacuer punbtpa Kanmana.

4.BBIMOTHUTL  MOJEIMPOBAHUE  CHUCTEMbl  YOPaBICHUS  C
HaOI01aTEeEM.

5.1Toctpouth rpadukyd JUHAMHUKKA CHUCTEMbl IPU HEHYJIEBBIX
HaYaJIbHBIX YCIOBUSX.

6. OTBETUTH HA KOHTPOJIbHBIE BOMPOCHI.

7.0OdopMUTH OTYET U 3aLIUTUTH Pa0OTY.

MeToanyeckuii npumep

[IpousBenem pacuer ¢unpbtpa Kanmmana [ cUCTEMBbl C
nepeaaTouyHon QyHKIuen
100

B (et
i

u napamerpamu: Q = 1, R = 0,01.
1. TIpoussenem pacuet ¢puinbTpa Kanmmana



>> sys=ss(t£{100,(1 1 100]))
‘-

®x1 ®2
x1 -1 -3.12%5
Xz 32 o
b =
ul
x1 2
X2 0
c-
x1 x2
¥l 0 1.563
d=
ul
vl 0

Continuous-time model.
>> [A,B,C,D]=ssdata(sys)
B -

-1,0000 -3.1250

32,0000 [
B =
2
0
=
0 1.5625
D =
0
>> [A,B,C,D]~=sdata{sys)
A=
-1.0000 -3.1250
32.0000 o
B =
2
0
C =
a 1.5625
D=
o

>> p=-gs(A, [B B], C, [D D]}
a-

x1 Xz
x1 -1 -=3.12%
x2 32 0
b=
ul u2
®1 2 2
%2 0 o
c:
=l =2
vyl 0 1.563
4 =
ul u2
yiL 0 @

Continuous-time model.
>> Kest=kalman{P,1,0.01)
a=

x1 e X2 e
x1l_e -1 =30.11
®2_e 32 =41.56

b=
ul vl
xl e 2 17.27
x2 e 0 26.6

L -
X1 e %2 e
yl_e 0 1.583
Xl e 1 0
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I'_i—
al vyl
vyl e 0
Xl e 0
X2 e 0 0

I/0 groups:

Group name I/0 Channel (s)

KnownInput I 1
Measurement I 2
OutputEstimate 0 1

O (

>
Lo

StatebEstimate

Continuous-time model.

2. BpmmomauM  MoACNIMpOBaHWE CHUCTEMBI  YIpaBICHUS C
HaOmrogarenem. Jlis aToro ¢ yuetom X; = X1, X = X2, X1 = X3, X, = X4
BBEJICM CJICTYIOIINE MATPHIIBI:

>> Al=[-1 -6€.25 0 0; 16 0 0 O0; 0 54 1 -60.2; 0 41.5 16 -41.5]

Al =
-1.0000 -6.2500 0 0
16.0000 0 0 0
0 54.0000 1.0000 =-60.2000

. 41.5000 16.0000 -41.5000
>> Bl= (2 2 0; 000; 20 17.3; 0 0 13.3]

Bl =
2.0000 2.0000 0
0 ( 0
2.0000 0 17.3000
0 0 13.3000
>> C1l=[0 3.125 0 0; 0 0 O 3.125]
Cl =
312 5 ( {
3.1250

3. BxogoMm cucTeMbl YIpaBjieHUs C HaOMIOAaTesieM SBIISIETCS
BekTop Ul = [u; w; V], Beixogom — Y1 = [y; ¥]. 3aece ¥y = 3,125y2,
¥ = 3,125y4.

Hwxe npuBeneH ¢parMeHT mporpamMMbl MOJACIMPOBAHUS U €O
pe3yabTaTh (puc. 2-3).



12

t=0:0.001:5;

u=ones (size(t));
w=randni(size(t))*100070.5;
v=randni(size(t))*1070.5;

S=ss(Al, B1l, C1, 0};

ul=[u; w; vl;

[yl yd]= 1sim(S, ul', t);

plot(t, yl(:,1),'-b',t,y1(:,2}),%:b")
plot(t, ¥'+yl(:,1), ':g', t,v1(:,2},"-b")

£ A A RS | T
T U AT AT 7 S O
A T \ / VLA A f f
¥O™ SR B W T S f
§ \E LY \ x ;

" I I 1 i 'l
a ! 15 7 25 3 as 4 in L3 t
, C

Puc. 2. CpaBHEHHE N3MEPEHHOTO U TOYHOTO BBIXOIHBIX CUTHAJIOB

m Ll Ll L] Ll L] L]
J"'
- 3 i
| B : "
0~ | : i 1 ‘3 y w LN 4
t 1 5l %
_ :f-! y ] ' Q' | 8
‘_:r" ‘!"5,
| 4 l l .
4! } ¥ ) VL
-0 i ; 3 3 :
1 o
!v
n
|
n | 1 ] 1 1 ]
0 b1 ! 15 2 25 3 3¢ ‘4 15 St
y C

Puc. 3. CpaBHeHUE 3alIyMIEHHOTO ¥ TOYHOI'O 3HAYEHHUS BbIXO/a
CUCTEMBI
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OTtuert 0 padore

Otyer odopmisieTcss B COOTBETCTBUU C  TpeOOBaHUSIMU,

OpEeABIBISIEMBIMUA K OPOPMIIEHUIO paOOT B BY3€, U JIOJKEH COJIEPKATD:

b whE

TUTYIBHBIN JUCT.

HaumeHnoBaHue u 11e1b padOTHI.

ITocTaHOBKA 3a1a4¥ B COOTBETCTBUM C BAPUAHTOM.

ITopsiiok U pe3yybTaThl BHIMOJHEHUS! PAOOTHI.

Pe3ynbraThl MOAenupoBaHHS AWHAMUKHA CHCTEMBI B YHCJIOBOM U

rpauyecKoM BUJE.

6.

=

S

AHaJn3 pe3yJabTaTOB U BHIBOJBI.
KoHTpoJibHBIE BONIPOCHI

Cdopmynupoath 3a1aun punbTparuu no Kaamany.

[IpuBecT cxeMy CHCTEMbl yHOpaBiI€HUS C HaOIogaTeneM M
MOSICHUTDH €€ CMBICIL.

[loka3atb, 4TO ISl TPUMEHEHUS METOJla HEOOXOJUMO, YTOOBI
cuctema OblTa OOHapyXKHBaeMa.

JlaTb ompenesieHne rayCCOBCKOro «0eoro myma.

Pazpaborate B cpene MATLAB untepdeiic nias MHTEPAKTUBHOTO
cuntesa ¢punpTpa Kanmana.
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BapuaHTsbl 3a1aHuii

Tabnuua 1 - BapuanTel 3agaHuii

Ne Bua nepenarounoii pyHKLH Ne Bapuanmuer napamempos
Wu(s), O. R 3uauenns 7, [c]
1. [ 71=05, =01
K(T;s+1) 2. | i=0.1, T>=0.01
N s(Tys+1) 3. | =01, T2=09
0=1,R=00l 4. | =001, ;2=0.1
5. | T,=0.15, =02
L | F=0:1; &=l
5 2.[7=005, ¢=0707
2 S(I'°s*+21Cs +1) 3 [7=003. C=01
@=L a=00l 4. | 7=008, ¢=05
5.1 =001, =015
1. [71=0.03, T3=0.5,
=01, T4=005
K(T.s+1) 2. | 11=0.05, T2=04,
s(Tys + D)(Tys +1)(Tys +1) 157008, 13=9:033
- 5= 1. R=0,0i 3. | 1h=02, 7>=045,
73=0.1, 73=0.05
4 [1n=05 1,=025,
=04, T,=002
5.|T1=0.1, 72=0.25,
73=0.1, 7,=0.05
1. [ =02, =01,
K(Ts+1) 73=0.05, T4= 0.07, £=05
S(Lys +1)(Tys + 1T 2s2 + 21,85 +1) % | =00 1a=0:,
73=0.05, 73=0.07, {=0.5
O=1,R=001
4, *® 3. [Ti=03, T»=0.,

I3=0.05, 74=0.07, €=05
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