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Minimax algorithms of correction of inertial navigation sysiems under
the information on beight st presence unmadelled gocelerntion

Estimation problen is considered for the case in wich stochastic description of disturbances in the system and
the random measuremenl errors & not available, but only & bound of them is known, It is being cast into parameter
estimation problem under uncerain conditions. One way of solution of such problems is suggesied by the
methods of guaranteed {minimax) estimation theory. Hence the methods of optimal guuranteed parsmeler
estimation theary are used for solving problems connected with spacecraft and aircrafl guidsme und control such
a5 the trajeciory correction problem or the problem on evaluation of motion paramelets of meuns of
messyrements, in this paper the sdditional snalysis of this problem has allowed to formulute 2nalytical criteria of
in opiimality, hased on constrection generalized Chebyshevs polynoms. The algorithm of the salution of such
problems is suggesied convenient for anulytical investigations of linear dynamic systems and sutimators, The new
algorithm is tested on & problem of cormection inertal navigation system under the information on height at
presense unmodelled distuibances, The eptimum moments of messurements 2re found and Bprioristic estimations
of mccurecy of determination of parumeters of the navigation system ure received.

Tanagn MHRAMAKCHONO OUCHHBAIHA C HCMOQEAHDYEMIAMH YOKOPCHHAMH PACCMETPHBLIGCL B
paforax [1-4]. B opemsarecMofl CTETRE GOMOUHMTCALMWE BHATHS ITOR NPOGAEMLL TOIBOIHIT
CHOPMY THPOBATE AHEINTHYCCKHE KDHTCPHE OITTHMATLHOCTH. [lpeprowen aHANHTHIECKHR RICOPHMTM
PCILCHHA TEKHEX 3LIAY, OCHOBAHHMA Ha nocrpocHud ofobmenmix 4efu WEBCKAX MOTHIOMOR.
AnropuTm  OTpofORAH  HA  3ASANE  KOPPEKLIHH HHEPUHANKHOA HASHIAUMOHWON CHOTEME  TH
HMGBODMALMK © BMCOTE OPH HATHYHMK HEMOLETMpYeMux yokopeHmH. Hafnews onmmHManbismc
MOMCHTE  HIMCPEHHA M NONYMEHE  ANPHOPHME OUEHKH TOUHOCTH OUPEJENcHHA  NAPAMCTROR
HAEMIHIMOHNOR CHCTEMEL,

1. Mocranopka 3agaun. [IycTs HIMCHCHHME COCTORHHA CHCTEMbI x(:} Ha

HHTEpBaNe  BpEMENH [ € [ﬂ, T} ONHCHWBACTCA  CHCTeMoOH  mHHEHiHbIX
auddepeHUHANBHBIY YPaBHEHHTH

1 % = A{t)x+ Bk, t0,7] (11)

rae .r[.r ) ER™; A(HER™", B(f)ER™" — kycouHO-HETIPEPLIBHEIE MATPHYHEIE
fyuxumn; u{t)E R — BexTOp HEMOASMHPYEMBIX YCKODCHHH, KOMNOHEHTBH

KOTOPOTO ABNRIOTCA KYCOMHO-HENPEPRIBHBIME BYHKIHAMY Ha ['U, T].
TlpeanonaraeTca, YT BbINMIHEHO OTPAHHYEHHE

lu(e)] s 7(0), ¢ €[0.7] (1.2)
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rae y(t)-sanawsas neoTpHuATENEHAR KYCOYHO-HENPEPRIBHAR  (BYHKLMA; H -
€BKNHA0BA HOPMA BEKTOPA.
IlycTs Ha HHTEpBane BpeMenn [ﬂ.T ] IMPOBOMATCA H3MEPEHHA
2(t) = H x(1) + p(t), t €[0,7] (1.3)
rae H(f)ER"™~ uiBecTHa® KyCOMHO-HEMPEPLIBHAN BEKTOP-(hYHKIHA; z(t) -
HamepesiHoe uaenne; pft) — ounbka uamepenni; 2(r), plt)eR’ .

Bypem npeanonarate, 410 OwHGKE W3MepeHHii p{f) YAORNETRODAET
OrpaHHYEHHID
le®)| s eft), t ef0,7] (1.4)
rae o(t) - sanannan neotpHuaTenLHAS bysxuns na [0,7].
lpennonaraercs Taxke, 4o cuerema (1.1), (1.3) npu u{r)- 0, p{r)-ﬂ
BROJHE HaOJonaeMa.
TpeGyerés nocTpoHTs OUeHKY napamerpa
l=ax, (1.5)
aE€R" - 3ananusiii sexrop, x, = x(0): L

Ha Knacce HHeiHEIX ouesok | napamerpa /, OlIpeieNAeMbIX B BHAE
T
[ = [®(0)z(t)de (16)
[u]
rag

B(1) =, (1) + S @ 5(t-1,) L7
4=
wu ':f} —KyCOuHO-HENPEpLIBHAS ¢}"HKL[H.H: L i .f = 112;-'-1 n —aHcia {H =
NPOH3BOALHD),
Dynkumio Oft) GyneM HasLIBATH OLEHHBATENEM.

Ouwnbka ouenxu | — | y OUERHIHO, JANACTCA BhipacHHEM
T T T
[-1= (f'b(t)ﬁr{r}dt-nr}.tﬁ + f:r»(:;h’(:)g(:)d: + fq;{:)p(:)d: (1.8)
[1} (1] [

rae

h(t) = X7 (O)H (1) (1.9)
b(t)= X ~'(1)B(1) (1.10)
&) -fb(s}u(ﬂds' (1.11)

X (1) ER™" — marpuua dyunamerranssoll cHeTeMsl peuteryi (1.1}
% = Al , X(0)=E, (112)
E, — m -mepras enMHuYnas MaTpHLA.
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Ha cootrowenns (1.8}, o4esraHO, CIEAYET, YTO |f —{ |3aBucur ot p(t), u(t)

# Dff):
|1 ~1|=D(®).u(),p(1)) (1.13)
[apanTHPOBAHHOE IHAYCHHE OLWHOKH CLEHKH I-1
D, (¥(1)) = max D(®(t),u(t), p(r)) (1.14)

38BHCHT TOMBKO OT BebpanHoro ouekusarens P(1).
Jina Toro, w1o6st senuunsa D (®(r)) Gewna Obi xoHeuHoH, Heobxopumo
BLITIONHEHHE YCNOBHA HECMEIIEHHOCTH olchnBaTens D(f):
D(®(1),0,0) =0 ana mobeix x, ER™ (1.15)
Ecau ©(f) yaosnersopser yenosuio (1.15), To byaem 310 otMeyaTs deN.

Hs cootnomenus (1.8) cnemyer, aro TpefoBaHHE HECMELISHHOCTH OUSHHRATENS
(1.15) NpHBOZIHT K YCIORHIO

T
J‘ O(h(1)dt = a (1.16)
4 .
Torga cootHoleHHE (1.8) MOXHO HAMHCATH B RHAE
T T
I-l= [e@par + [@h" (gt (1.17)
[} o

EcrecTeenno cpens Beex anropwtmos oueHuBanna D(f) € N Halitu Takof,
npH Koropom senmymka D (P(1)) munumansha.
Crpemnenme munnmusnposars D, (D(f)) » paccMarpuBacMoii HOCTAHOBKE
NOPORAAET CSAYHOUIYH) MHHHMAKCHYIO 3anayy [3]:
min max D(P(r), 4(1), (1)) (1.18)
TofcuHTaEM FapaHTHPOBAHFOE IHa4eHHE 0lHGKn ouenkn (1.14).
Cornacho (1.17) u (1.4)
T r
T(@u) =max D(@(O.u(e),p(0)) = [10() |00}t + [BeW (€)g()de (119)
[1] 1]

Torza, B8 cootsercreud ¢ (1.3), npu nwbom @) N rapanTHpoBaHHOE
savenue omubxn oucHkH (1.14) Gyaer

F - - i
J*(®) =maxJ (®,u) = [| ()] o()dr + (| D() | max |k ()g(t)|dt (1.20)
[} [1}

Hetpyako ans Kaeporo re[ﬂ,T] MOAYy4HTE OLUEHKY CBEPXY ANA (QyHKUMH

| K7 (£)g(t) | & crenyiomen sune [3): max |4 ()g(t)| =C . (1), te [0, 7].
B camom nene, Tak xax cornacho (1.11)

W (g () = [ (Ob(syu(s) | ds (121)
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To, oveBnano, max |k’ (1)g(t)| mocturaerca npu

_ Hs)b" ()A(r)
RN TAEToT —
Tem cambim
Crnns () = [IIB” (s)(5) || ¥(5)ds (123)

Orciona cnemyer npw mobom @(r)e N ouenka csepxy dyHkuMoHana
J(P,u) (1.19):

J(D,u) s J* (D) -I{o{r]+Cm(r})|¢(r}|m (1.24)

OrMetum, uyto ecni [ He (MKCHDOBAHO, TO BEPHO JIMIUE HEPABCHCTEO
| & (08(0) |8 Cone (0) wa [0,7],
Janaua onpeaeneHUs
minJ*(®) , (1.25)

fpy  ycnoBHH HecMewensocT  (1.16) ceoguTea K cneaymowefi  sagaue
BAPHALMOHHOrO Heuucnena. Heobxonumo onpenenwte ouenuatens Oft) e N
H3 yonosHil

i -m}tccmcm{r))lrb{urdr (1.26)
j‘@(:)k{r]ds =-a (1.27)

Janayqa (1.26), (1.27) moxker Goite 3 diekTHEHO pellieHa CHMILIEKC-METOOM
[3,4). AnanuTr4eCKOE pellieHHe ITOR 330891 MOKHO NONYSHTE TTYTEM CBEICHHA ee
K 3a1aue nocTpoeHus obobiuennoro vebpimesckoro nomuuoma [7).

Taxum obpazom, mytem ceeneHHa 3agayn (1.26), (1.27) x sanaue auueiinoro
NROrPAMMHPOBAHMA, JIEIKO peliacMOi  CHMILTEKC-METONOM, HIH K 3agaue
nocrpocHda  obobmeHHoro  yelheBCKOro NONHHOMA, HETPYAHO NONYYMTE
OLUEHKH CBEpXY Mna Hekomoro dynxumonana J(@,u) (1.19) u onpenenuts

NporpaMMy HiMepeHHH, MHHHMHIHpYIOULYIo 3TH oueHkH. [IpH sToM nporpamMa
HIMEPEHUH, MEHHMHINPYIoWaR dynkunonan J° (D, u) (1.25), Gyner conepxars
He Gonee yeM m W3MepeHuR, rae’ m — Pa3MEpPHOCTb NPOCTPAHCTEA COCTOSHME
CHCTEMBL, T. ¢. CTOMBKO e, CKOALKD B npoliieMe TpH  OTCYTCTBHM
HEMOCIHPYeMBIX Yokapenuh [3).

Onnako cneayer Noa4epKHYTh, 4TO pewende 3azaqu (1.26), (1.27) ne obasano
COBNAJATE C peieHHesM Wexoauod npobnemst (1.18), xoTa B HeKoTOpRIX clyyasx
TAKOE COBMANCHHE BOIMOMNHO.

Paccvarpusaemyio  muEMMakchyw 3agasy  (1.18) Mowuo cROmMTL K
AHGQepeHUHANEHON HPPE ¢ TCPMUHANBHBIM yHKUHOHANOM
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J = min max f{|¢(:)[o{r] + DO () g(r)dt (1.28)

nofpodHbIt avanu3 koTopofi npomenen B pabore [3]. CdopMynHpoBaHbI
JOCTATOYHBIE YCIOBHA, BKIOYAKIKE BCE HEOOXONHMBIC, KOTOPLIE FAPAHTHPYIOT
BLINOMHEHHE HEPABCHCTE CEIIOBOH TOMKH

J(@,u) < J(®,i) < J(D,7) (1.29)
red ud— pewenne 3ana4u (1.28).
[ycre o - peuienne sanaqm (1.25), a ®° - PELICHHE 330a49H
Eﬂﬁ(ﬁ:) (1.30)
B KOTOPOIL HE YYHTHIBAIOTCA HeMoneupyemMsie yekopenna u(t) =0, ¢ € [0,T].
Cnpaeennuen Hepasenctsa [3]:
J(@ Y2 J (@) = J(@) = S (D) (1.31)
e ® - MHHHMI3HPYIOUMH oLeHnBaTens MUHHMaKcHON 3agaun (1.28); J () -
pewenue 3anauM (1.28) npu dukcrpobannomM ouexnsarene Oz) e N :

J (D) = max J(®,u) (1.32)
Ecnu sensyuHa
0
L L®)- J;{d)} —
J(D")

NOCTATOYHO Mana, TO TOMHOE pelleHHe MHHHMakcHo# 3anauu (1.28) we moxer
CYIECTREHHO YMEHBIUNTE MAPaHTHPOBAHHYIO olHGKY oueHku [3].

2. Csegpeane npobaemst K 3aaa4e nocTpoends  ofofmensoro
yebpieBckoro nonunoms, HeTpyauo nonyuute npe yMmepeHHol pasMepHOCTH
m cHCTeMBl EHANHTHUYCCKOE pemreHne samayd (1.26), (1.27), ceoad ee K 3adaue
nocrpoenia obobuennoro websileackoro nonHHoMa. [Lis 3toro chopMynHpyesm
HEKOTOpHE Pe3ybTATA TCOPHH 38709 MATEMATHUECKOrD NpOrpaMMHPOBAHHA
ykazaHHoro BMaa [5,6] M BOcmoOnblyeMcs RIMOPHTMOM PElIEHHA ITHX 3anay,
npennomeHHsiM B [7].

MaskHo yrpocTHTs 3anuck 3agaqus (1.26), (1.27) s npeancnomedHy

o(f) =0, (t)-0, 1€[0,T] 2.1
ec/TH 0003Ha4HTE
() = D)) 22)
: h(r)
hl(t) = 50) (2.3)
8(t) = o(r X1 + (1)) (24)
alf) = 3'(':?} @.5)

3amevanns. 2.1. Moxno cuurars, uro o(f)-0, y(@)>0, wm
o(t)+C_ (>0, te[0,T], wiave w3 ycnosux o(f) +C,, (1)=0 =Ha
nexotopeix monMuowecreax F  {0,T] 8 coorsercreum c (1.2), (1.4) umeem
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o(t)=0,C, (t)=0. A rorna, u(t)=0, p(t) =0 na F =[t',t"], B cuny vero
PCIIEHHE paccMaTpHBaEMON MHHHMAKCHON 3adavH, Kax 3anauu BOCCTAHOBICHHA
KOMIIOHEHT BEKTOPA COCTOSHHHA cueTeMBl GyneT uMeTs BHa

l=a'x, = af[f;f?(r}H[r}Hf(:]X{:}dq-' J'X"’{r;.H(:)z(:}dc, teft',t”)

2.2. 3aBenomoe OTCYTCTEHE HEMOJCAHPYEMBIX YCKOpeHHIE Ha HeKOTOpBIX
noamuoxecrsax W < {0,T] npocro onucwsaercs ycnosuem Y(t)=0, unu, s
eootaercrenn ¢ (1.23), C_ (1) = 0.

2.5, Mom#o cuuTats, 4TO 3aauHei Le/iepol BekTop a = (L0,...,0)" . Unave,
ecan @ = (a,,a,,..,d,,...,a, )" 1 a, » 0,70 c OMOMWEIO 3aMeHb

k(1) = Ch'(t), @ =Ca (2.6)
rae
{0 tz:' 0 \
al_, -a 0O
‘_'u:—l
C=|0 a.,al,..
.-_ﬂ-
\ /

8 samave (1.26), (127) napa mexropos h'(f), a =(a,,a,,...,a,,...,a, )"
IAMEHHTCH napoi
K()ER™, T = (1,0,...,0)" ER" (2.7
Hrak, Gyaem cuuTars, vTo
H1)=0,12[0,T) (2.8)
3amena (1), h(t), a, cootsercteenno, ma (1), k(t), @ =
cooTHOWeEHHAX (1.26), (1.27) npusoamT K sanucu

T
J "'l”éﬂﬂﬁ‘”‘ﬂ (2.9)

T
J‘ D(r)h(t)dt = a (2.10)
[i]

rae a = (1,0,....0)" € R". 3necs 3maxy ponus! # urTpHXa ONyuICHS!,
Copmynupyem asolicraennyio k (2.9), (2.10) zanavy:;

Ha MHOWecTRe mekTopos Y ER™  maittw  mextop, MAXCHMHIHDYIOLIH

{yukuyonan [5-7)
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Yig—s max (2.11)
TPH YCTOBHH
[YTh()|s1, 1 €[0,T] (2.12)
h(t) ER™ - sapaunmii sextop, a = (1,0,..,0)' ER".
Mycrs V" = (y;,.... yn ) — pewenne sanaun (2.11), (2.12), a £ty [<m
~ TaKHe MOMEHTH! Bpemenn, B kotopeix | Y7 h(t ) |=1, j=1..,1.
PaccmotprM cicTeMy aireSpanveckiy ypasiieHi
Nb=ag (2.13)
N = (h{t,),..., h(t, )ER™ , @ = (®,,..,®,) ER’
Crpaseanues  yTeepwgena  [5-7]:  cuctema  (2.13)  coemecTHa;

{
D’ () = 2‘ ¢'3§(: — t,)—pelleHHE 3a0a4H MATEMATHYECKOrO NPOTPaMMHPOBAHHS
b
(2.9), (2.10); onTuMansHble 3HAYCHHA DYHKUHOHANOR 00EMX 3amMa4 COBNANAIOT,
T
T. € ﬂ (1) |dt =YY a.
[}]

Takum ofpaom, nalian pewenue neoiicteennofl 3amaun (2.11), (2.12),
NONY'YHM PelISHHE 3a0a4YH MaTEMaTHYECKOro NporpaMMuposanma (2.9), (2.10).

Ceegem npoficTeeHHyl0 3aflady K 3a0a¥¢ nocTpoeHHa oGofmenHoro
qeDbILCBCKOTY MONHHOME

L= min max|S()]| (2.14)
2y a2, m 0T
rae S(f) — o6obuIeHHbIH NOAHHOM, ONPEIIReMBlil BHIPAKEHHEM
S(t) = h(t) + z,h, (0} + o+ 2 k(1) (2.15)

hi(t), i =1,...,m — xounonents BexTopa h(()ER™; z;, j=2,...,m —uncna.

Mokasamo [5,6], wro ecnu pewenne gsolicTeennod 3amaun (2.11), (2.12)
Y =(y!, ¥2) cymectsycr, TO CylleCTBYeT TaKkKe M pelICHHE 3anauu
nocrpoekng obobulenHoro sebelmesckoro noankoma (2.14), nocruraloweroes Ha
Habope {z.}, j=2,..,m;npusrom L >0 n

(]

yo=L7 y) =LY, j=2,.,m (2.16)
Copaseanueo M ofipaTHoe yTeBepKASGHHE. eciH peulcHHe 3amaum (2.15)
nocTHraeTes Ha wabope {z }, j=2,...m n L0, To cymecrsyer pewecnme
apdicTeerof 3anaun (2.11), (2.12) u Benonnserca (2.16).
llna pelnenHs 3azauM MaTeMaTHYECKOTo mporpaMmuposansa (2.9), (2.10)
NMpennaraeTcd  CNeAYHWIMiA  anropHTM, YooDHEI  [AnA  SHanMTHYeCKoro
HecnenoBanua [7).
1. Crpowres ofofientsifl yebnimesckui nonusoM (2.14); NyCTh B MOMEHTHL
BPEMEHH [,,....t;, [ <m 3HadeHnua obobiennoro uebwilieBcKoro nanuHoMa

paBuel I L, T.e. IONHHOM NPHHHMACT NPH ITHX 3HAYeHHAX {,, (=10, [<m

naHbonblive Mo abcomoTHON BEIHYHHE IHAYEHHA.
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& Pewaerca cHCTEMA anrefpauyeckux YpaBHERHH (2.13);
nycre G = [fl:;},...,fb?)r ER' - pewenne (2.13).

3. CTpOoKTCA peilieHHE 3aMa4H MaTeMaTHYECKOro nporpaMMHpoBaHus (2.9),
(2.10) & BHOe

@ (1) = Etb‘}.ﬂ:—:;). l1<m (217)
H ONpenenaeTes MUHEMANLHDE 3|-|:11EHH¢ diyrruHonana (2.9)
- ]]¢“(:)|d: :i}d:‘j[. [<m (2.18)
OTMeTHM, 4o ? =
G Tﬂ@“(:)| dt =Yg [ (2.19)
0

MomenThi BpeMen# 1,,...,¢,, | <M HAE3LIBAOTCA ONTHMANLHEIMH MOMEHTAMM

HIMepeHHH, .

B pabore [7] chopMynupoBaHel  [0Ka33HM  HOCTATONHbIe YCNORHUS
ONTHMANLHOCTH, EAMHCTBEHHOCTH PEUIEHHA 3a4a4H NOCTPOCHHA 0GOOIMIEHHOTD
4eDBIEBCKOrD nonHHOME (2.14), KOTOphIE MOIBOARIOT HAXOMHTH obobeHHkH
HeGBILIEBCKHH NOMTHHOM, HIIL YCTAHOBHE CYLIECTBOBANME TOTHHAOMA ¢ HYIKHEIMH
CBOWCTBAMM; 3, CIE/IOBATENEHO, PEllEHHE 3aayH (2.9), (2.10)-8 aHan#TA4ECKOM
(opue.

ChopmynupyeM W poxamkes YTBCPRACHHS, TO3BONAIOLWIEE ONPEIENHTE
YCNOBHE, MPH KOTOPOM ONTHMANEHBIE MOMEHTL! HIMEPEHHE ONHH M Te e, KaK B
3anave (2.9), (2.10) npn HanHrH HeMOAENUPYeMBIX Yokoperuid (¥(¢) # 0), Tax n

B 3agaye (2.9), (2.10), 8 koTopoli onuu He yunteBaiotes (¥(1) = 0).
PaccMoTpiM 000BLIEHHEIE TONMHOMBI

-

S(t) = k(1) + };z A0 (2.20)
U(e) = k(1) + Em;u () (2.21)

B KOTOpEIX Z,, u;, j=2..,m- wucna; A'(1)ER", h()ER"- mudde-

pesuupyembie Ha [0,7] sextop-ynrupm:

J‘"

ey (1)
R{t)=—= 2,22
M=o 222)
B NpeanonoxedHH

) =0, t€[0,T) (2.23)

Cripaseaniiso cnenyiouies

Yroepwaenne 2.1. Tycrs u) €R', j=2,...m Taxosu, uro
U°(t) = hy(1) + Eu?ﬁj{r), t[0,T) (2.24)
ris
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e 2

—oBobeHHEE  YehLIUeBCKHA  NOJAHHOM, JOCTHraoWMi Haubomemux mo

a0COMOTHON BENHYUHE SHAYEHHA B ToOUKax
N N T (2.25)

Torga cpean c6obmennbx nonHiomos suaa S(t) = k(1) + 22 Ih}{t} NIOMHHOM

5°(t) = hi(0) + 2:‘;&; (1) (2.26)
YOOBACTBOPAIOUMH YCIOBHAM Y
5°(t,) = ~8°(ty) = ... = (-)™'S°(T)
ds’ (1) ds’(z)
dt dr

aengercA obobmeHHEIM YehLIIERCKHM MONHHOMOM.,
ﬂunasmnhmu B coorteercrBHM C JeMMOl O JOCTETOYHBIN YCHOBMAX

=0, =0, t=t,i=1..,m {2:27)

OITTHMATEHOCTH oBobwenHoro monKHoMa [7] 42 yenosna ONTHMANEHOCTH U ()

HMEEM, 4TO YpaBHEHHE zaﬁh:‘(”s 0 ana mobex @, j=2,.,m, Zﬂf =0
1=z =

umeer He Bonee (m—2) xopued BHyTpu orpeska [0,T]. A Toraa, cornacHo

(2.22), (2.23) ypaBHeHHe Za’;h;—[rj=ﬂ ans  mobeix @iy J= 2,
=
Z{a’ ) =0, rakwe umeer ne Gonee (m—2) xopucH EWH otpeska [0,T).

CrenoparensHo, npu senonuesud ycnosui (2.26), (2.27) ‘nonusoM  S§°(1)

aanseTca obobIeHHLIM YebLIeRCKM MONHHOMOM. Ympmeune NOKAIRHO,

YTBCpKOCHHE  MNOIBONAET  HafiTH  PCUUICHHE  3aiasH  MaTeMaTHYECKOTO
nporpaMmuposanka (2.9), (2.10) npH HAMHYHH HEMOIEAMPYCMBIX YCKOPEHHH
(#(1) #0) B ananuruueckol dopme, HMes pewenne lanasd (2.9), (2.10), 8

KOTOpO# HeMoZenHupyeMbie yckopenus e yuwtnsaorcs (¥{(1) =0). A Taxwe

chopMyAHpOBaHEl KPHTEPHH, NMPH KOTOPBLIX ONTHMANSHBIE MOMEHTH H3MEpeHHH
obexx 3anay cosnagatoT.

3. 3ansya KOPPEKUAH HHEPUHAABHOR HABHTRUHOHHOH CHCTEMB MO
HHPOPMALIHH © BRICOTE MPH HAMHYHH HEMOIEAMpYeMbIX yckopenui. [lycre
00bEKT, Ha BOpPTY KOTOPORO YCTaHOMEHE HHEPUMANBHAR HABMIAUHOHHAR CHCTEMA,
ABHAKETCA M0 TPAcKTUpHAM, GNMIKHM K opToapoMHH. Koppexuus Hﬂepuuanbuoﬁ
HABMTAUMOHHON CHCTEMBI C NOMOLILLI0 AONOIHATENBHOH HEQOPMALHA paznHYHOH
NPHPOAL! SBANETCA OCHOBHHIM  HCTOMHHKOM  MOBBILEHHA TOYHOCTH €
DYHELHOHHPOBAHMS,

Ocoboe nonoweHwe B MHSpUHAnsHOR HaBWraiMu 3aHHMasT HudopMmaumxs o
BbicoTe. OHA HCTIONLIYETCA NPAKTHYCCKH BO BCEX HHEPLHANLHEIX HABHMAUMOHHEIX
CHCTEMAX, MPHMEHAEMBIX B aBHEUHH ¥ cyaosmxacany, B Gopropoll spivHcanTens
HAaBHrauMOHHOH CHCTeMel OHa mROoaWTca nubo anpuopHo, nubo nocTamnseTcH
BHICOTOMEPAMH.
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B 3asmcHMocTH or poaa KOPPCKTHRYEMBIN HHEPUHANBHBIX HABHIALHOHHLIX
CHCTEM HH(OPMALMA O BLICOTC B COBOKYMHOCTH C HHEPLUHANBHOH HHpODMalHed
HCTIONBIYETCH NHOO JL1A OQHOIHAYHOID ONPEICNCHHA MECTONON0KEHHS obbexTa,
Aubo Tonbko nns ¢upruﬂpomm MOAETEHOMY CHAOBOrO MOAR, OTHAHYHOIMO o
cBoell CTPYKTYPE OT MOAR TATOTEHMR JesTi. [lpumepom MonensHuix ypasHeHui
OUHOR W3 TAKHX CHCTEM, B KOTOPBIX HHOPMALTHE O BRICOTE HCTIONB3YETCH TONLKG
ANA GOPMHPOBAHMA MOAEALHOID TONA TATOTCHHA, CYHET MOAMIBHBIE YPaBIeHNHA
TPEXKOMNOHCHTHOR  HEBHrauMoHHON cucremsl. B pesynwtare nHHamuueckie
CBOACTBA CHCTEMBI YAYMILAIOTCR, & HMEHHO! JHHEMHYECKHE YpaBHenna ouHbox
NPHOBPETAIOT CBOACTEA HEACHMITTOTHYECKOR YCTORNHBOCTH [8].

PAaccMOTPHM 3asiady xOppexuMH BEpTHKATLHOID KaHama TpeXKoMnoneHTHOH
HHEPUHANLHOA HABHTALMOKHON CHCTEMMB C EIMMYTAALHD CBOOOAHOR OpHEHTALHEH
MPHGOPHOID TPEXTPAHHUKE, YCTRHOBACHNON Ha Gopty acrarensHoro annapara,
ABMKYUICTOCK N0 TPACKTOPHAM, GAHIKHM K OPTOAPOMMH,

Ilyers nomumo wnepuranshof HHODNMALMK B KaYeCTBE AONOAHHTENLHOH
MPHBNCKAETCA - HHDOPMALIHA O BMCOTE, MOCTABINEMAR BRICOTOMCTPOM Ha oHe
NOMEXH HIMEpPeHHHL.

YparHeHns AuHaMmieckHx ownGok xoppexTHpyeMmolt no undopmaunn o
BLICOTE MHEPUHATEHON HABHMAUMOKHOR CHCTEMB, IANHCAHMLIE B Despasmeprom
BPEMCHH H B GEIPAIMEPHIIX NEPEMEHHBIX B NPEANONOKEHHN, YTO XapakTepHne
3HAYCHHA HBONIOAAEMBIX NEPCMEHHBIX WMEIOT OQMH M TOT we nopRaok, s
HHTEpBANAx spemeni koppexumnn [0,77] onucssaotes cootHoweHaMy (8]

jl'."p .';':'_'}'l"'.}'} tu, .i"J'ﬂ (3.1)
Z(r) = y, (1) + p(1), t€(0,T] (3.2)

. d
rae ( }EE; I-Gespasueproe Bpema; Y, -npuseneriiias ownGka B onpenencHiy

BLICOTEL, ¥, ~OWHOKE B ONPCACACHHH CKOPOCTH B BEPTHKANLHOM HanpaRneHHH;
Y5 —NOCTOAHHAR MNPHBEACHHAA NOTPEIHOCTS BEPTHKANLHOTD HBIOTOHOMETpA;
u(t)-wemonenupyemoe  yckopetime; z(t) -menocpencTeenso  MIMepseman
BeNHYHHa; o(1) ~ 01HOKa HIMepeHHiL.

bynem cuutats, g0 T <a/2; peansuue HHTEDBANEI  KOPPEKIHH
YAOBICTBODAIOT 3TOMY YCAOBMIO (8 patwepsom spesenn 7/2 cooTBercTByer

npubnianTensko 20 mun.),
Npeanonaraercs, o

- |ut)|s7.720,c€107) ¢3)
|| 50, 0>0,1e[0,T] (3.4)
rag ¥ W - 380aHHbie NOCTOAHHLE.

323843 KOPPEKUMH MHCPUHANEHOR HABHTALHOHHON CHCTEMEB! [TPH [OMCIH
AonoAHHTENBHOR HHOOPMALINN HEHHEPLMATLHOR NPHPOABL, B YACTHOCTM, 110
HHOPMELHH O BLICOTE, COCTOMT B MOCTPOCHHM IHAYEHKH aronsix nepeMeninix
cHeTembl (3.1) B koneunwii MOMEHT BpeMenH Koppexwtn [ =T no HIMEPEHHAM
(3.2).
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Byaem crpouTs AuHeHHBIC HECMEIIEHHEIE OLEHKH (A3I0BBIX NEPCMEHHBIX

cucremst (3.1) B momen spemenn £ =T y,(T), v,(T), y,(T).

[Iposeaem npmﬁpazonaHHe HEIaBHCHMOH [eépeMeHHell B COOTHOLIEHHAX
(3.1)-(34): t=T-1,te[0,T], r €[0,T].
Torna cootHomen#a (3. 1)-(3.4) nepensuryrea 8 BHIe

xXr)=Ax(t)+Bu'(t) (3.5)
2r)=H x(r)+ p'(r), r€[0,T] (3.6)
|u'(f)]5;f, |p'(f]|so‘, re[0,T] 3.7
rae x,(t) = y,(t), i=123;
0 -1 0
A=|1 0 —1|; B=(0,1L0Y; H=(10,0) (3.8)
0 0 0

HPQEEETEBHH HiMepeHHA (3.6) B BHOe
Z(t)=H T () X(7)x, + I HT (n)X(r)X T(s)B(s)u'(s)ds + p'(7)

WIH
2(c) = B (7)(x, + (7)) + () (39)
rae X(7) — matpuua dyHnamenTansHoli cHeTeMbl pelterHil cueteMsl (3.5):

cosT -—sint  1-cosrt

X(r)=|sint  cost -—sinT (3.10)

0 0 1
h(r) = X7 (£)H(7) = (cos(r), —sin(r), 1 - cos(r))’ (3.11)
b(r) = X' ()B(r) = (sin(r), cos(r), 0)" (3.12)

g(r) = [b(sp'(s)ds = [(sin(r), cos(z), 0)" u(s)ds (3.13)

MMoacrasass (3.11), (3.12) B cootHomenua (1.22), (1.23) » yuuThIBas, 9T0 ¥ —
nocToRHHEAd Bennurba (3.3), nomyyaes

o SI(E=T)
u(s_)_—:fhiﬂis_ﬂl (3.14)
Con(r)= y]]sin{s—r}Ids, r€[0,T], se[0,T], s<r,T=sa/2
C_.(r)=y(l-cost), r€[0,T], T <72 (3.15)

HUrax, Tpebyerca NOCTPOHTE HECMELOEHHYIY OLEHKY KOMINOHEHT BEKTOpA
x, = x(0), wiu napamerpos
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L=ax;, =123 (3.16)
a,=(1,0,0);a,=(0,1,0), a,=(0,0,1" (3.17)
no uaMepenHas (3.9) va knacce nuueiinsix ouexox sxaa (1.6),

B coorsercreuu ¢ (2.2), (2.3), (3.11), (3.16), (3.17) 3anava maremaTHyeckoro
nporpaMmuposadns (2.9), (2.10), cOOTRETCTBYIOWAS OUEHMBAHHI napaMeTpos

I, =x(0), I, = x,(0), I; = x,(0), cootBercrBenHo, 3KBHBANEHTHE 3ana4e (2.9),
(2.10) c napamu: a, =(1, 0, 0)", h(z) =h'(r): a, = (0,1, 0)", h(7) =k'(z);
a, =(0,0,1)7, h(r) =H(t), rne

H(r)= 97 (r)(cos(r), -sin(r), 1-cos(r))" (3.18)

Kr) = o(l+a(l-cos(r)), a =£ (3.19)

B COOTBETCTBHH ¢ (2.4), (2.5), (3.4), (3.5), (3.15). Acno, wro K1) =0, r e [0,T].
Cornacno 3amevannio 2.3 ykazaHHBE 3a034H MOKHO CBOMHTE K sanaye (2.9),

(2.100ca=(L 0,0)" uc .

By (r) = 87 () (cos(r), ~sin(z), 1-cos(r))"

hy ()= 87 (7)(~sin(7), cos(r), L - cos(r))” (3.20)

hy () = 7 () (1 - cos(z), sin(z), cos(r))”
COOTBETCTBEHHO. Toraa, cormacHo m.2, 3a’aya OLCHHBAHMA MNapaMeTPOs
L=x(0), I, =x(0), I =x,(0)chomrcs & 3amaue TIOCTPOSHHA
COOTBETCTEBYHOWMX 000DUIEHHEX YeBhIIEBCKHX NONHHOMOB, 3 HMEHHO:

L= n;ujn w S, (r.a)| (3.21)

$,(r,@) = 07" (1 + a(l - cost)) ™ (cost - 2, SinT + z,5(1-cosr)) (3.22)
L= mm Eﬁﬂ S,(r,a)| (3.23)

S,(r,a) =o' (1+a(l-cost))™ (-sinz + Z,, COST + 2, (1 - cost)) (3.24)
By I'Elj!‘l EE}J Sy(r,a)| (3.25)

Sy(r,@) = o7 (1+ a(l- cost)) " (1-cost -z, , sin T + z,5(1-cost)) (3.26)
Orciona, oueBHIHO, WIeLyeT, 41O NpH OTCYTCTBHH HEMOJCNTHDYEMBIX YCKOPEHHH,
T.e.npu ¥ =0, uan cornaco (3.19) npu @ =0

5,(5,0) = U,(r), i=123 (3:27)
rae Uy (7), i=1L23 - coorsercraytolyse 06oBiieHH b NOMMHOMB! B 3agaue

ouerusaiua napamerpos l =x, (0), 1, =x,(0), 4, =x,(0)npu orcyrcrenn
HEMOJCNHPYEMBIX YCKOPEHMH,
Chavana uccnenyeM nosHHoM
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U,(r) =o' (-sinT +u,, COST +u, (1 - cos7)) (3.28)

cooTeercraytoli ouerusanmo [, = x,(0) mpu y =0.

C NOMOILBI0 TEOMETPHYECKHX MOCTPOEHHA M HECIOMHBIX AHANHTHHECKHX
HCC/ElOBAHKI JIEMKO MOKA3aTh, 4TO cpean ofobuenHbIx nonHHoMoB Braa (3.28)
ofobientsid 9ebpiueRCKItH MONHHOM ONPEASNACTCA BEIDRKEHHEM

Ui(r) -cr"(—sinr +u§2 coST +uf13{1-—cus1:}] (3.29)

T
u” 2g4 H“ ctgz

MaxcHMansHoe 1o abcomoTHON BEMHMHHE IHAYCHHE
E 1. i .
=g 'lug_zl-t-itgin L T<=2 (3.30)
OOCTHIAST B TOYKAX
T
flﬂﬂ,fz=E,T3=T (3.31)
ONTHMANBHEIX MOMEHTOB HIMEPEHHH,
Jlerxo nokaiaTe, YTo cornacHo yreepkaeunio 2.1, B cuay yenosus 3(1) >0,
re[0,T], obobwenusii uebwinesckui — nonHHOM, COOTBETCTBYIOLIMH

ouennupanmio [, = x,(0) npu y # 0, aocturaer mMaxcumanbHoro no abeonioTHoH

BENHYHHE IHAYEHHR B Tex we cambix Toukax (3.31), wro » monunom (3.29), w
ONpEEIRETCA BRPEKCHHEM

S%(r,@) = o~ (1+ a(l-cos7)) " (~sint + 23, cosT + 2;,,(1- cosT)) (3.32)
o _ (2sin(T /2)—sinT) + a(sin(T / 2)1-cosT) - 3sinT(1-cos(T /2)))
. 21+ o)1+ a1 - cos(T / 2))}1 - cos T)
o _ (2sin(T/2) +sinT) + afsin(T / 21 -cosT) +sinT'(1-cos(T /2)))
2s 2(1+ oX1+ a1 - cos(T / 2)))1~cosT)
MaKcHManbHoe o aGcomoTHoH BEHYHHE JHAUCHHE DABHO

e 2sin(T/2)—sinT o
2(1—cosT)Y1+a(l—cos(T / 2}})

Henocpencreennofi nposepxoil MOWHO yOCAHTLCH, HTO MONHHOMEI (3.29) u
(3.32) YNOBACTBOPHIOT YCNOBHAM OCHOBHOR NeMMbl 00  ONTHMATLHOCTH
oGofmennslx nonkHoMon [7].

Tak  Kak  YpasHCHHA _  BHA3 @, sint + a,(1-cost) =0 H

(3.33)

a,sinT +a, cosT =0 npn mobex @, @,, TAKHX, 4TO a; +a; =0 umeior
BHyTpH oTpeaka [0, 7] TONbKO 0AHH KOPEHb, TO COTIACHO CIICACTBHID K OCHOBHOH
nemme 7] onTHMANEHBIE MOMEHTH! HIMEPEHHH IPH OUEHHBAHHH BCEX NAPAMETPOR
(3.16) onpenensrorca papercrsam (3.31) KaK Npu HAMHYHH HCMOAETHPYEMbIX
YCKOpEHHH, TaK H NpH WX OTCYTCTBHH,

Becoesie xoadpHUMEHTH  COOTBETCTBYIOUIMX ANrOPHTMOE  OLEHHBAHHA
NONCHHTRIBAIOTCA W3 YCROBHA HecmewchdocTH (2,10) Man onpenensloTca W3
cooTHowenna (2.13):
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N® =g, i=123

D! =N"'g, (3.34)
rae a, onpenesnfioTcs BepaxeHHAMY (3.17).
HNoncunraem marpuuy N ER™. TNoacramnas (3.18), (3.31) = (2.13),
NoTYIacM

fl cos(T /2) cosT )
1+a(l-cos(T /2)) 1+a(l-cosT)
N -sinf{T /2) —sinT )
ik 1+0(l~-cos(T/2)) 1+a(l-cosT) a 39)
; 1-cos(T/2) 1-cosT
b 1+ a(l-cos(T/2)) 1+a(l-cosT) )

OTKY[A, O4EBH[HO, CEAYET, YTO
sinT - 2sin(T /2)
(1+a(l-cos T))1+a(1—cos(T/2)))

Cnenosarensho, 3amaua oueHUBAHHA napamerpos (3.16) cucTemsl HMeetT
CHAHHCTBEHHOE pewenne. OOpawas marpuuy (3.35) M nogcrasnss » (3.34),
MONYHAEM BECOBBIC KOMDOHUMEHTH MMHHMBKCHBIX ATMOPHTMOB OLICHHBAHHS

napametpos cHeremsl (3.1) y (1) =x,(0), i =1,2,3:
D, =P, =0; ®, =0
o: = =(=cosT/2)+all-cosT))
i A r
sinT - 2sin(T'/ 2)
@ = (=cosT)(1+afl - cos(T /2)))
22 = : - a
sinT - 2sin(T /2)
4 (c..nsT—c:cfcsz;’@_]U
sinT - 2sin(T'/2)
. _ —Sin(T'/2)1+ a(l - cosT)) . _SinT(1+afl-cos(T /2)))
Dy = 7 . 0,9, = s : g
sinT" - 2sin(T'/2) sinT —2sin(T /2)
§ -sin(T/2)
D= —(F,
3 sinT—Zsin{THE)U
Onmumansueie  rapaHTHpOBaHHME (MHHHMaKCHEIE) CPelHEeKBANPATHYECKHE
3Hauenns omkbok ouenok napamerpos y,(T), v,(T), ¥3(T') B coorsercramm ¢
(2.17) pasusi, cooTReTCTREHHO, BEMHIHEAM
Jy = o(l+a(l-cosr))
It 2(1-cosT)(1+ ol - ms(TfZ}}JG
% 2sin(T/2) -sinT

det N = o #0 i soex TE{U,-;{]

(3.36)
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_ 2sin(T'/2) +sinT + a(sinT(1 - cos(T / 2)) + sin(T / 2)(1 - cosT)) 5
2sin(T' /2)-sinT
OnTuManbisie rapanTHposannsie ouenxin napamerpos  ¥,(T), y,(T).

¥;(T'), onpenensemsie 3anaveil (2.9), (2.10) npu Hanu4HK HeMODEAHPYEMBIX
yCeKopeHHH 1 ofo3HauaeMbIC NONONHKTENRHOH 3BE3A04KOM, HMEIOT BHA

% (1) =@, =(T)
y3(T) = ®3,2(0) + ©3,2(T/2) + @35 2(T) (3.37)
Y3 (1) = @5,2(0)+ @3,2(T/2) + @35 2(T)

Ouenke (3.37), oucenano, moryT OwiTe nerko peanwsyemst. [logcrasnss
anayenne @ =0 B cootnHowenun (3.36), (3.37), nony4aeM OUEHKH W TOYHOCTH

oueuusanns napamerpos ¥,(T), y,(T), y,(T), onpenensemsie 3anageii (2.9),
(2.10) npxt OTCYTCTBHH HEMOAGNHPYEMBIX YCKOPEHHH.

3
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