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Two ways of imрrочеmепt of accuracy апd reliability of productioп oJ паvigаtiоп paramete_rs using readouts of

рiреliпе inspectioп pig (plp) ari coпsideied. The first |уау uses mеthой of аutопоmоus iпеrtiаl п.аvigаtiоп to deter-
'йпе 

the spatial ,obriinotri of plp during Jailuris of the odometric system. The sесопd way provides estiпatioп апd

,o.p"nrotion of parameters bf aztmuthal drф of ап attilude co_ntrol systeп оп the basis of сопstruсtiоп oJ square

spti)e-fuпctioni i7"r.o6 of pisitioпiпg оJМi аdjасепliпtеrmаrksесtiопs of the mаiпрiреliпе (МР),

Introduction

Realization of orientation and navigation methods of PIP has the following peculiarities:

Ф possibility of use of а method of рЪsРrосеssiпg of signals of the опЬоаrd measuring equipment composed of the

inertial measuring unit and odometric system;

ь) limited possibiliйs of use of external information. Thus, coordinates of Мр Ьепсhmаrk points can Ье dеtеrmiпеd
' 

Ьу signals of satellite navigation Systems (SNS) in points of their оuФut to Earth surface which is located thrоugh

1 to 2 km (оr through 4 t; з5 minutes when PIP ii moving at а speed of l to 4 m/s); noninertial means of PIP

azimuth mеаsчrеmепt аrе inaccessible.
дссurасу requirements of spatial positioning of ап axial line, service elemenb and defective places of Мр ате de-

fined Ьу Ьrапсh siandard dосчmЪпts oi orsc ,GAZPROM" at the level of 2 m реr km. Provision such ассuгасу using

methods of autonomous inertial navigation requires high cost precision sensors, which is not always аffоrdаые, cJsc
KGazpгiboravtomatikaservis> and SS1U hаче а long-lasting ехреriепсе of development and maintenance of navigat-

ing-topographical complexes (NTC) on the basis ойidu.*ru.у inertial units, placed in atermetic container of PIP

й irt"ййа with ап odomeiric system and sNs. Тhе mеап squаrе еrтоr of positioning ofMp service elements and

defects with the aid of NTC is, as а rule, по mоrе thап 0.5 m. It considerably Surpasses all domestic analogues and

сопеsропds to the best foreign samples oisimilar equipment. Ву поw spatial positioning of mоrе than 4000 km of Мр

of diameters from 420 to 1420 mm in Russia апс аыоuа is executbd using NTC Ьу CJSC кGаzрriЬоrайоmаti-

kaservis>. The рrеsепt ехреriепсе сопfirms the known proposition that use of an odornetric reckoning in solution of

problems of spatlal positioning of mobile objects essentially rеduсеs inertial unit ассurасу rеquirеmепts,

ноwечеr the odometric Йstеm does no-t always wоrk reliably enough. Material changes of ап оdоmеtег transition

factor аrе sееп чпdеr changes of plp speed, а rеliЪf of pipeline intemal surface, dеgгее of its imРuriф and ОфеГ fac-

tors. Even tеmроrаrу fаilйs of the odometric system lБаd to ассurасу degradation and necessiý of PIP repassing

through мр. й relation with premises the рrоьlеm of ассurасу improvement of Мр positioning on the basis of use of

the опьоаrd sINs integrated with the оdоmеtriс system usingthe Мр Ьепсhmаrk point coordinates obtained with the

aid of GPS/GLONASS гесеiчеrs is solved in thiý wоrk,

Application of аutопоmочs iпеrtiаl navigation methods

In поrmаl conditions the navigating solution is worked out чпdеr postprocessing of signals of iпtеgгаtеd system (а

strapdown inertial System of огiейlоп (SISO) and odometric system) with соrrесtiоп at benchmark points (fig, l). In

the case of short-term odometric system failures the navigating parameters are determined using autonomous system

(SINS) readouts.
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Navigating solution
(Pipeline Тгаjесtоry)

Fig. 1 Diagram of navigating solution workout

Following algorithms in quaternion раrаmеtеrs (quaternions of angular rates of mobile object and coffection аrе

dеtегmiпеd i"-rr"ir"" il.rir'ir"J.rr.a in the опЬоаrd соmрutеr [1,2]) describing апgulаr movement of orientation

System аге used fог SISO functioning:
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whеге <оa_ аrе estimations of angular rаtе components in геfеrепсе frаmе Ci fur, ur" estimations of specific fоrсе

components in rеfеrепсе frаmе (; р =l is а quatemion i normalization factor; со[; аrе angular Гаtеs of correction in 
.

геfеrепсе frаmе (; Uo to U' аrе components of аП orientation quatemion estimation; i9 to iз are components of а

navigation quatemion estimation; / is а сurrепt moment of time (pig movement time); /о is an initial mОmеПt of time; 
.'

k{ , k{ аrе transition factors of positional соrrесtiоп terms; k{ К! аr" transition factors of iпtеgrаl СОrrеСtiОП terms;

i=l,З. 
r - 

"'

In practice the поrm of quatemion i can Ье departed frоm unity due to methodical and round-off епоrs what |;:

leadstoappearanceofadditionaldeviations.Thereforethetermorplt-v2;v; isincludedin(l)inoгdertonoгmalize 
,r],

quatemion v [3,а].
coordinate trапsfогmаtiопs that dеtеrmiпе transition frоm rеfеrепсе frаmе ( to object rеfеrепсе frаmе Х аrе set

::.::::-:

:!м
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Reduction of angular rates and specific forces to hоrizоп rеfеrепсе frаmе is саггiеd out using transposed mаtrlх

,ir ассогdiпg to the next expressions:
г" и ^"[" и
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whеrе Joy; , fu*, ur" estimations of components of angular rates and specific forces in rеfеrепсе frаmе{ obtained

from gyroscopes and ассеlеrоmеtеrs.
Euler-Krylov's angles аrе calculated using derived estimations of components of an orientation quatemion

whеrе Дiо =1лi,о,л(rt,^iзt) is ачесtоr of estimations of iпсrеmепts of the cartesian coordinates at k-th time

step; ,iO isanestimationofthematrixofPIPorientation(referenceframeXwithrespecttoreferenceframe()at/c-th

time stJp; Ьо = (Аilд, b;ro,bir; is а чесtоr of estimations of increments of the passed path Ьу readouts of а dis-

crete оdоmеtеr at *-th time step (in case of PIP Aio = (А;й , 0, 0) ),

Navigating раrаmеtеrs аrе determined as follows:

ir=ý!, i= Ь, . . (s)т д , Rcos<p

Fаilurеs of odometric system functioning аrе гечеаlеd uпdеr postprocessing of whole set of information оп the

base of the following ореrаtiопs:
l) analysis ofa diifeience ofreadouts оfdiffегепt odometric System сhаппеls;

2i comparison of estimations of а distance beмeen the rеfеrепсе points according to PIP positioning system data

(SISO + odometric system) and SNS receivers;

з) 
"b"Kup 

with the aid'of the observing device of level of an еrrоr closure ЬеМееп PIP direct-axis projections of

absolute liпеаr acceleration vector determined Ьу slso signals and relative linear acceleration vector determined

using odometric system sigTrals.

When the tеmроrаry оdойеtri" System fаilчrе is detected the wоrkочt of the navigating solution is сапiеd out Ьу

SINS readouts. Following equations ui" 
"o."rponding 

to the solution of navigating рrоЬlеm [1,2]:

2;0 =;1o;l *ё2riz+iзоliз; Z', =-Ёо'i1 -ё2'iз+\аiz; (9)

Z|,r=-iori, *il.iз -iзоlir; Zi, =-iocofi -il'iz *i2'ir,
Неге the estimations of navigating раrаmеtеrs expressed through quaternion раrаmеtеrs аге also applicable under

(7)

the following fоrmulаs:

(
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I
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In the рrеsепсе of constant еrrоrs the growth of епоrs of navigating раrаmеtеrs determination can Ье sееп,

Application of Ьепсhmаrk points

uпdеr existing technique [5] of раrаmеtеr estimations of azimuthal drift of orientation system based оп use of со-

ordinates of the beginning uпаiй епъ of Мр iпtегmаrk section there is а ambiguity in the solution. In оrdеr to solve it

the badly formalizable рЙсеd,rrеs аrе used. These рrосеdurеs rеquiге additional iпfоrmаtiоп and availability of wide

ехреriепсе of ап ореrаtоr. Thus, under exact initiai conditions (ьу coordinates) the епоr of determination of coordi-

nates of the end of iпtеrmаrk section according to the plp onboardequipment data is depended оп both azimuthal drift

of orientation system and accumulated епоr of ап azimuth angle at the beginning of iпtеrmатk section- The егrоrs of

odometric system can Ье compensated uпdеr repeated calculations of а trajectory of plp movement оп intermark sec-

System and solutions of ап orientation рrоЬlеm with aid of SISO signals:

глl л Г 'l л п л
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tion using tгansition factor сопесtiоп as well as SISO signals.
Forming of PIP azimuth соrrесtiоп using ап advanced way is саrriеd out with use of not Мо but thrее coordinates

of the Ьепсhmаrk points located sequentially оп а mочеmепt trajectory.
The estimation of ап azimuth angle is adopted as follows

ч=ч+р6+{оl, (1l)

whеrе ly is а truе azimuth, ryg is ап azimuth angle епоr accumulated оп the previous section, rо is ап azimuthal

апgulаr rate of drift.
The equations describing coordinates of а movement trajectory of pig in ап ideal aspect fоr а true azimuth and со-

ordinates of estimating trajectory fоr ап evaluation of ап azimuth angle аrе derived:

(r = JЙ.оr,i,аr;
(12)

where (1, Сз ые поrthеrп and eastem coordinates accordingly,

estimations of поrthеm and еаstеrп coordinates_
Егrоrs of coordinate estimations

/9

V,V are PIP speed and its estimation, (1, (з are

лr -r r лr -r rAbl -bl -bl, лЪз -Ьз -Ьз ( l3)
basically are depended оп раrаmеtеrs of SISO azimuthal drift. Neglecting ап еrrог of fоrmiпg of estimations of speed
of PIP опwаrd movement апd taking into ассоuпt smallness of rуб and о we can write the following equations of
епоrs for rеfеrепсе points of Мо adjacent iпtеrmаrk sections (i:1,2):
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Let us note that а trajectory of PIP movement thrочgh МР in plan, as а rule, has а piecewise linear арреаrапсе.
And when ч = сопst the first and second equations of system (l4) аrе proved to Ье linearly dependent. Thus, the

system (l4) is badly solvable relatively Vо and Ф fоr опе iпtеrmаrk section.

In оrdеr to construct the three-point algorithm (for Мо adjacent sections) we will write expressions fоr position
vectors of епоrs as follows:

Ал,2 =A(ti2 + ЬСзi2= vo'({,,' *qr,')*-ъl, , .-ъJ, YU \ъll , э5l l,

(^l,^^ |i^ л ) "( 
,r^ л 1 ,;^ .)

+2ory6| Сзi lVtsrnyat +(1, JИrсоsф dt 
|+а2| 

( JИcosr]lar;l +(JИlsiпф d0' |. (l5)

\ ,о /9 ,/ f,o 19 )
(l = 1,2).

The solution of system (15) of мо попliпеаr equations is fоur functions чlо(./(r}, t,,t,Сl,,(з,,М;)) and four

соrrеsропdiпg functions Ф(,/(li,, t, ,I' , Ct, , Сз, , 
^Л; 

)) . Тhеiг analltical fогm found with help of Mathematica software
is vеrу complicated and isn't given hеrе. Тhеrеfоrе solutions аrе evaluated in а symbolic fоrm using the соmрutеr. The
Раir of solutions whеrеiп the mочеmепt trajectory is most approximated to the mаrkеr points is determined. Numerical
values of solutions аrе determined after calculation of а trajectory of PIP movement with zеrо values of azimuthal drift
рагаmеtеrs.

Approval of developed ways of ассuгасу impгovement fоr а real object was реrfоrmеd оп calculation of а trajec-
tory of а gш pipeline section according to data of experimental-industrial trials of SIT-500 PIP Ьу CJSC KGazpribo-
rаИоmаtikшеrvis>. The рrоЬlеm was in а topographical connection of the pipeline to ап electronic tепаiп mар. Сооr-
dinates of gas pipeline have Ьееп determined оп the line section which contained 42 Ьепсhmаrk points. Thus, the pig
rvas in motion for 20'l46 s. Fоr this time it has passed а total of 40,6 km in all. Diameter of а pipe was Z0,5 m.

Вепсhmаrk points were апапgеd in advance with aid of GPS/GLONASS rесеiчеrs which possessed ап ассurаСУ
of positioning up to 5 сm.

InertiaI measuring instrument of PIP includes athree-axial апgulаr rаtе mеаsчrеr (а fiber-optical gyroscope) SRS-
500 Ьу LPC "Optolink" Ltd and 3 ассеlеrоmеtеrs of АК-6 ýре.

Resuits of the navigating рrоЬlеm so]ution аrе shown оп fig. 2.
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Fig. 2 Plan of а pipeline section

Тhё rеfеrепсе points placed очеr Мр mаrkеrs wеrе used fоr the purposes of correction using determination of ра-

rameters of azimuthal drili. tn figчrе these makers аге designated as (magnetic markers>. coordinates of 5 to 15 addi-

tional points (designated as <счiйаl mаrkеrs>) wеrе deteгmined on ап axial Мр Ьемееп magnetic mаrkеrs with the

aid of sNs receivers of а geodetic grade of pгecision. virtual mаrkеrs wеrе used for estimation of ассurасу of the Мр
positioning рrоьlсm sоlчйп. Тhеъахimчm deviation of the calculated Мр coordinates from coordinates of virtual

mаrkегs was 0.8 m. Given ассurасу differs frоm ассurасу achieved Ьу the "two-point" way опlу slightly- However, the

''three-point'' way allows us to determine раrаmеtеrs of azimuth соrrесtiоп practically without iteгations.

It is obtained that the three-point algbrithm is applicable under conditions of underground navigation with ýpical
movement conditions of plp. Howeve., Ъpplicability of this algorithm is limited Ьу precision of used mеаsurегs of ап

absolute angular rаtе (gyroscopes). Peculiarity ofthe developed method is the assumption that two adjacent sections

have constant azimuthal drift oiýroscop.r. Thi, condition оп iпtеrmаrk sections (which length is usually about 2 km)

is feasible only for sensors of mid and high ассurасу.
processing of sections with differeni fоrms oia tгajectory has shown that efficiency of the three-point method is

чаriочs fоr caJes of direct in horizon sections, sections with considerable bends of atrajectory Ьу ап azimuth (mоге

than З0 degrees) and trajectoгies where the pig made stops. On direct sections efficiency is the higheýt; i.e., from the

first calculition of а tгajbctory the corrections Ъу azimuth аге evaluated as closest to truе values. Fоr the final calcula-

tion опlу minor coпeciion, *" mаdе. on sections with stops and consideгable bends Ьу azimuth the corrections аге

evaluated аftеr several calculations of а trajectory. It connected with сопесtiоп of factor of the coordinate increment

sепsоr (odometer) because ofwhich the movement trajectory сап vary considerably at different stages ofcalculations,

Ноwечеr, the пчmЬеr of calculations оп such problem sections affects processing time and doesn't affect positioning

u""u.u.y. дs а whole the thгee-point method has shown the efficiency and has allowed us to епhапсе automation of

мр coordinates calculation.

сопсlчsiоп

It is shown that formation of estimations of azimuthal drift раrаmеtеrs fоr Мо adjacent Мр intermark sections оп

the basis of the construction of square spline-functions of positioning еrrоrs allows us to determine unambiguously

both the accumulated azimuthal drift and the average value of an uncompensated vаriаtiоп of the rate of azimuthal

drift of orientation system on the considered Мр seJtion. Developed рrоgrаm realization of this аррrоасh allows us to

essentially enhance automation of Мр positioning рrоьlеm solution,

During the researches it is also shown that *itъ tt. use of FоG of TRS-500 type and ассеlеrоmеtеrs of АК-6 type

as а part oithe ineпial module the determination of plp spatial coordinates is possible with an еrrот of no mоrе than l
- on u distance of about 100 m using methods of autonomous navigation. That makes it possible to dеtеrmiпе and

compensate fоr short-term раrаmеtriсЪilurеs of the odometric System. As а whole, application of the specified ways

allows us to improve Мр positioning ассurасу Ьу 20-25% and at the same time to епhапсе processabiliý of Мр in-

spection data postprocessing.
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