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Abstract
Metrology model of triaxial navigation accelerometer unit as a vector transmitter, physical

and mathematical foundations of a new method for its calibration on uniaxial rotary stand are
considered.

The aim is to determine the coefficients of metrology model for triaxial accelerometer unit by
the method mentioned above.

To ensure the identifiability of all coefficients of the metrological model, two installations
of accelerometer unit on a platform of uniaxial rotary stand were introduced. Identification
models for metrology model of triaxial accelerometer unit were produced.

Experimental validation of the obtained identification coefficients models was carried out.
The ability to calibrate a triaxial accelerometer navigation unit with the given accuracy was
confirmed.

Keywords: three-axis accelerometers navigation unit, calibration, metrology model.INtroDuCtIoNtriaxial block of navigation accelerometers (Ba) within the inertial navigation system (INS)moving object converts an imaginary projection of the linear acceleration of the object to itsmeasuring axis (Ma) in the output electrical signals of three accelerometers (aC) establishedin Ba. the calculation of the numerical values of these projections is in INS on metrologicalmodel (MM) Ba, numerical values of individual factors pre-determined by the desiredprecision calibration of Ba in the laboratory for appropriate accuracy Stand equipment(lawrence, 2004) [1].traditionally, as described in articles written by taranovsky, yakovlev (2006) and Won,Golnaraghi (2009) [2, 3], during the initial calibration of Ba as setpoint of test angular positions(tP) to the plane of the local horizon (Plh) precision (error less than 3...5 second of arc) biaxial(BrS) or triaxial (trS), rotary stand that have a very high cost and need almost ideal laboratoryconditions of use, which are only the manufacturers of Ba are applied. this requires consuming



manufacturers to purchase appropriate stands and significantly limits the possibilityof re-calibration of Ba in terms of its operation.In paper [4] written by Vavilova, Parusnikov, Sazonov (2009) the possibility of calibratingthe navigation Ba at affordable precision uniaxial rotary stand (urS), for which widespreadin industry divisible optical head has been used, (Doh) is considered, and it was concludedthat the calibration is not possible without a significant deterioration in the accuracy of Ba MM,in consequence of the need to carry out precision reinstall Ba on the site urS, which gives riseto significant errors in the identification of additional instrumental parameters Ba MM.ProBleM StateMeNtthe purpose of paper is to develop a method for calibration of Ba on uniaxial rotary stand,and experimental verification quality calibration Ba according to this method.reSultS
triaxial accelerometers navigation unit and its metrological modeltriaxial accelerometers navigation unit, calibration of which is considered in the paperconsists of a base 1 of the base surface a (primary) and B (secondary) and three uniaxial aC2,3,4 established on Ba base 1, according to Fig. 1. [own elaboration] thorough descriptionof the structure and characteristics of Ma location of its association is given in paper byChernyak, Gryshchenko (2011) [5].

a) b)Fig. 1. triaxial accelerometers navigation unit and its Ma orientation (axis OXYZ), relative to Ma aC(axis OX1Y1Z1) set in Ba [Chernyak, Palyushok, 2014]Metrological model Ba output signals sets dependency Ba output electrical signals Ûx, Ûy,
Ûz from imaginary projection acceleration ai(i = x,y,z) in its Ma. In modern INS, most often usedas follows Ba MM described in article Chernyak, Gryshchenko (2011) [5]

(1)
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By this model in INS calculated imaginary projection acceleration on the Ba Ma by matrixexpression
(2)

Model (1) contains 12 individual parameters of Ba – three biases aC (ZB) U0i(i = x,y,z), threegain coefficients (GC) Kii(i = x,y,z), and six of its cross-axis coefficients (CaC) Kij(i, j = x,y,z,i1 j),which are related in Fig. 1.b small angles ij(i, j = x,y,z) Ba Ma and aC by formula Kij = (-1)nKiijiwhere n = 2, if the index j follows index i in their cyclical permutation x → y → z, and n = 1, if thisdoesn’t take place.the numerical values of these coefficients are determined by Ba calibration.
triaxial accelerometers navigation unit calibration methodas a basis we take uniaxial navigation aC calibration method on precision urS by turningin the gravitational field of the earth presented in the work by Chernyak, hazynedarlu (2009)[6]. Based on the recommendations in this paper, similar to the aC, we choose eight pointcalibration test with three passing eight test point of Ba relative Plh, located on the urSplatform as shown in Fig. 2 [own elaboration]. relevant Ba tP defined by angle urS shaft
l+1 = l + Δ (where j1 = j9 = 0, Δ = 45°, l = 1,2...9 – test point number that is given) which ismeasured from the urS horizontal position.using two installations (u1 and u2) shown in Fig. 2, Ba on a urS platform needed to provideobservability of all 12 Ba MM coefficients, because if the Ba calibration using only in the u1installation, it is impossible to determine the MM coefficients Kxy, Kyy and Kzy by usingmeasurements results of its output signals in the aforementioned tP, also if Ba is set only in theinstallation u2, Kxz, Kyz and Kzz coefficients are not determined.

а) b)Fig. 2. Ba installation u1 (a) and installation u2 (b) on urS platform: OXPLYPLZPL – coordinate systemwhich is linked to urS platform on which Ba installed; OXYZ – coordinate system bound accordingto Fig. 1, with Ba Ma; – Vector of gravity [Chernyak, Palyushok, 2014]
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according to the Ba model (1), Ba output signals in specified tP, according to Fig. 2,depends on the projection vector of gravity on the Ba Ma. to find a mathematical expressionfor calculating these projections, consider Ba Ma orientation relative Plh, shown in Fig. 3 [ownelaboration], rotated to angle  by urS, and relatively vector , with the following componentsof small angular error installing Ba in appropriate tP – regular (which are the same in each tP)errors 1 and 2 of initial leveling urS platform, error 3 of Ba installing on urS platform,and random error of set the angle rotation for urS shaft. taking into account these errorsis necessary to obtain further mathematical model of Ba instrumental calibration errors dueto this method.according to Fig. 3 desired projection vector of gravity on Ba Ma at Ba location ininstallation u1 is defined by matrix equation (3), while Ba in installation u2 – expression (4)
(3)
(4)

a) b)Fig. 3. Communications between the coordinate system OXHYHZH, which is associated with Plh, and linked to Ba Ma coordinate system OXYZ while Ba to installation u1 (a)and installation u2 (b) [Chernyak, Palyushok, 2014]Substitution of projections vector on the Ba Ma established to appropriate tP, calculatedby formulas (3) and (4), to metrological model (1) can get expressions for the Ba output signals
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Umii (where m = 1,2 – Ba installation number according to Fig. 2, i = x,y,z – signs aC installed inBa, – number tP) in this tP. these expressions are quite numerous (54 terms) andlarge, therefore, as an example, we give only the formula for the Ba output signals in testpositions tP3 and tP7 installation u1.

where ; – Ba output signals random measurement error.having reviewed the relevant linear combinations of all the above derived expressionsfor the Ba output signals (for example, difference u1x3 - u1x7 to determine GC k1xx in Bainstallation u1) and received zero all components of the previously entered assignment Baerror in the appropriate tP (1, 2, 3, ) and the measurement error of its output signals, one can get formula for determining the coefficients of model (1) in Ba installations u1and u2. (in these formulas, the first index in the corresponding coefficients of the model (1)determine the number of Ba installation on a urS platform according to Fig. 2)
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(7)
From (7) we can write the following final expressions for the Ba coefficients of model (1)from measurements of its output signals in all tP, who subsequently we assume asmathematical model of determining this coefficient by developed Ba calibration method.

(8)
Formulas (8) are obtained analytically without any approximations, so their use is nomethodological error identification coefficients of model (1). the identification instrumentalerror sources of model (1) coefficients in these formulas, of the above error 1, 2, 3, ,and of bench equipment used for Ba calibration. a mathematical model of the instrumentalerror can be obtained by expressions (5...8).

experimental quality verification of developed Ba calibration methodexperimental quality verification of the Ba developed calibration method on urS is madeby comparing calculated by Ba model (2) (which is pre-calibrated by the developed methodand installed on a fixed basis in an arbitrary position relative to Plh) module of the vectorof gravity
(9)

and the true value of the module in place Ba calibration. the difference between these values
Δg, as determined by identification instrumental errors of the Ba coefficients model (1), by itscalibration, is considered to be integrated as a Ba calibration criterion described by authorstaranovsky, yakovlev (2006) and Chernyak, Gryshchenko (2011) [2, 5].
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If this difference satisfies the requirement
(10)where ΔgA – permissible under condition of maintenance the specified accuracy Ba calibrationcalculation error module for model (2) by the Ba output signal, we will assume that criterionas a Ba calibration performed and developed Ba calibration method so that it providesthe required accuracy of calibration. regarding the numerical values of the error ΔgA of Ba,for example, Ba of GINS in launcher “Cyclone-4” this value (approximately) is (3) ΔgA  3  10-4g.Stand equipment necessary to Ba calibration by developed method is shown in Fig. 4 [ownelaboration].

Fig. 4. Stand for Ba calibration: 1 – foundation; 2 – building; 3 – dividing head; 4 – dividing head shaft;5 – heat chamber; 6 – power supply; 7 – voltmeter; 8 – PC; 9 – dividing head platform; 10 – angle to installBa on platform of dividing head; 11 – Ba that will calibrated, mounted on platform 9 by Fig. 2.a.[Chernyak, Palyushok, 2014]the equipment includes: foundation 1 with the basics daily fluctuations no more than1..2 arcsec, unleashed from the building 2 in which conducts research; urS 3 – optic dividingheads oDh -10 (oDh) which provides task accuracy rotation angle of the shaft 4
4 = 10 arcsec; bubble level (not shown in the figure), which provides an initial oDh platform9 levelling with errors 1 = 2 = 5 arcsec; l-steel 10 through which the Ba is set at oDhplatform according to Fig. 2 with an error about the 3 = 90 arcsec; heat chamber 5 typetWt-2 provides tasks temperature error throughout the range of operating Ba temperatures(necessary to determine the temperature dependence of the Ba coefficient model (1));precision multichannel voltmeter 7 such as agilent 34401a, voltmeter accuracy class 0.003%of the sub-band measurements ±10V.
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result of Ba calibration, shown in Fig. 1, by the developed method, is following coefficientmodel (1):

Comprehensive experimental verification of Ba quality calibration by developed methodwas performed by determining error Δg according to the formula (10), the value gp calculatedby the formula (9), which components have been determined by the model (2), by using Bacoefficients given in (11) of model (1). For that Ba was established on oDh platform as shownin Fig. 5 [own elaboration], then using oDh there were given the four verification points (VP)relative Plh by rotating the platform about an axis YPL at an angle j+1 = j + Δ (here 1 = 45°,
Δ = 90°, – number Ba verification points).Comprehensive experimental verification quality calibration method developed by Ba wasperformed by determining the formula (10) error, provided that the value calculated by theformula (9), which included a pre-determined by the model (2) using the expressions given in(11) the coefficients of the model (1) asthma.

Fig. 5. Installing Ba on oDh platform to verify the quality of its calibration:  – deviation angleof the Ba axis 0Y from axis 0YPL of oDh platform [Chernyak, Palyushok, 2014]
In these positions voltmeter measured Ba outputs to be used in the model (2) for thecalculation in Ba verification points.the results of the error calculation Δg in Ba VP are shown in Fig. 6 [own elaboration].
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Fig. 6. the value of error calculation in Ba verification points [Chernyak, Palyushok, 2014]
the experimental results show that the error calculation module for model (2) by the Baoutput signal that is pre-calibrated by the developed method, does not exceed the value 3  10-4g,that shows in the high quality of the Ba calibration and confirms the possibility of triaxial blockof navigation accelerometers calibration on urS by the developed method with sufficientlyhigh accuracy.according to the authors, in this case the current dependence of the modulus error fromVP number, i.e. from Ba orientation relative to Plh, is occurred due to existing instrumentalerror of the coefficients Ba model (1) sources which, as noted above , is the correspondingerror 1, 2, 3, and bench equipment that used for Ba calibration.CoNCluSIoNSIt is confirmed that the proposed Ba calibration method on urS provides the identificationby expressions (8) all the coefficients of the linear MM (1) Ba by the use of precision benchequipment with a guaranteed supply of precision.Quality check Ba calibration by a combined criterion (10) suggests only guaranteed Basuitability to measure the acceleration a  1g with error which satisfies the condition (10).When measuring the another acceleration, the resulting error of this measure, could besignificantly higher, since the numerical values of instrumental errors identify of each Bacoefficients of the model (1) are unknown, which, as noted above, are determined by 1, 2, 3,and bench equipment error.
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later, for the research development it is necessary to develop a mathematical modelof identification errors for all coefficients of Ba model (1) with its calibration by developedmethod, which will calculate the resulting measurement error of any acceleration in the rangeof Ba measurement and make demands to bench equipment (to values errors 1, 2, 3,and ) based on the condition of the given value the resulting measurement error of anyacceleration in the range of Ba measurement.lIterature[1] lawrence, a. (2004). Modern Inertial technology: Navigation, Guidance and Control –
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