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PaccMoTpeHbl 3aBUCUMOCTM MaTpULLbl OpUeHTaLumn
M3MepUTe/IbHbIX OCel akcelepoMeTpoB

B MHEpLUaNbHOM U3MmepuTenbHoM 6aoke (MUNB)

OT TeMrnepaTypbl U MeXaHUYeCKUX yaapHbIX

M BU6PALIMOHHbIX BO34eNCcTBUI. MokasaHo, 4To

npu oTAeNbHOM PacnoJ/IOXXeHUUN FTMPOCKOMNoB

M aKkce/iepoMeTpOB He BO3HUKAET A0NOJHUTE/bHbIX
OWM60K OpUEHTALUM UX USMEPUTEJIbHBIX OCEN Nocse
BM6paLMu U ypapoB.

BBEAEHWE
OmubKy MaTpULbl OPHeHTAI MK Ca U3MePUTEeTbHBIX
ocell aKCelepoOMeTPOB, YCTAHOBJIEHHEBIX B HHepLU-
anbHBIN H3MepHUTenbHBIE 610K (MHB), BO MHOrom
omnpefensoT TOYHOCTh MHePLHAaJbHOM HaBHUTALIUH
IOABUKHBIX 06BeKTOB [1,2]. IIOCKOJBKY CHeNaTh
[I0/IOKEeHU S U3MePHUTe/IbHBIX OCell aKcelepoMeTpPOB
abCcoMIOTHO OPTOrOHAJbHBIMM BeCbMa 3aTPydHH-
TeJIbHO, TO Ha 3Talle 3aBOACKOM Kaaub6pPOBKH ompejie-
JAI0T MaTPUIy HAIlPaBJISIOMHMX KOCUHYCOB U3MePH-
TeJIbHBIX O0CeH aKkcelepomMeTpoB Ca OTHOCHUTEIBHO
HeKOTOPOH OPTOrOHAa/bHOM CHCTeMBbl KOOpPAHHAT,
06BIUHO CBSI3aHHOM C II0CAJIOYHBIMU IIOBEPXHO-
ctamu MHUB. 1 onpefeneHUsd HPOeKLHH yCKope-
HHU Ha OCSIX 3TOU OPTOTOHAJIBHOM CHCTeMBbI KOOPJH-
HaT Ayyp HeOOXOMHMO YMHOXHTH BeKTOp A,
IIOKa3aHUM aKceJIepOMeTPOB Ha 0OpPaTHYIO MAaTPUILLy
Ca=Ca™.

Omubku MaTpULIEl OPHEHTALUU
M3 HEeCKOJIBKHUX COCTaB/ISAIOIIMX:

* ACay - IOrpelIHOCTH 3aBOJCKOM KaJIHMOPOBKH,

CBSI3aHHBIe KaK C HCIIOJIb3yeMbIM 060pynoBa-
HHeM, TaK U C MeTOJHUKOH;
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The dependences of the orientation matrix of the
measuring axes of accelerometers in the inertial
measuring unit (IMU) on temperature and mechanical
impact and vibration effects are discussed. It is shown
that with separate arrangement of gyroscopes and
accelerometers, there are no additional errors in
orientation of their measuring axes after vibration
and impacts.

INTRODUCTION
Errors of the orientation matrix Ca of the measuring
axes of the accelerometers installed in the inertial
measuring unit (IMU) largely determine the accuracy
of the inertial navigation of mobile objects [1, 2]. Since
it is very difficult to make the position of the
measuring axes of accelerometers absolutely
orthogonal, the matrix of the direction cosines of the
measuring axes of accelerometers Ca is determined at
the stage of factory calibration with respect to some
orthogonal coordinate system usually associated with
the mounting surfaces of the IMU. To determine the
projections of the accelerations on the axes of this
orthogonal coordinate system A}y, it is necessary to
multiply the vector of the accelerometer readings A,
by the inverse matrix Ca=Ca™.
Errors of the orientation matrix consist of several
components:
e ACay - factory calibration errors related to both
the equipment used and the methodology;
e ACa, - temperature drifts of directions of
measuring axes of accelerometers;
e ACa, - changes in the directions of the
measuring axes of accelerometers after
mechanical impact and vibration effects.
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e ACa; - TeMIepaTypHBbIe YXOIbl HAIIPaBAeHUHN
H3MepUTeJIbHBIX 0Cell AKCeIePOMeTPOB;

* ACa, - H3MeHeHHs HaIpaBJIeHUH H3MepH-
TeJbHBIX OCeM aKCellepPOMeTpOB IIOCIe MeXxa-
HUYECKUX YAApPHBIX U BUOPAI[MOHHBIX BO3-
IerCTBUH.

[ToCKOMIBKY BCe COCTaBIsIIOIMe OMMOOK He3a-
BUCHMBI, CyMMapHas IIOTPeIIHOCTh 3JeMeHTOB
MaTPHUIBl OPHEHTALIMH aKCeJlepPOMeTPOB JIerKo
MO3KeT OBITH pacCUHTaHa 110 GopMyIie.

PaccMOTpUM  KaXAYI0 M3  COCTABJSIOMIKX
OTIE/bHO.

METOAUKA ONPEAENEHUA MATPULLbI
OPUEHTALMU U3MEPUTE/IbHbIX OCEN
AKCEJIEPOMETPOB, UHCTPYMEHTAJIbHbIE
M METOANYECKUE NOIPELLHOCTH
OmpeneneHye MaTpHLUBL opHeHTauuu Ca HU3MepH-
TeJIbHBIX OCell aKCeJlepOMeTpPOB B OPTOrOHAIbHOM
cucTteMe KoopAauHaT X, Y, Z, CBSI3aHHOM C I10Cafoy-
HBIMU IoBepxHOoCTAMHU HMHB, ocyiecTBasercs
10 JAaHHBIM H3MePEeHHI BBIXOAHBIX CUTHAJIOB C aKCe-
JIepPOMETPOB Ha BBICOKOTOYHOM [IBYXOCHOM CTeHJe,
OCHallleHHOM KaMepoll Temsa U xonozga (KTX). Hop-
MaJIb K yCTAHOBOUHOM IVIaTOpMe CTeH[a COBIajaeT
c ocpio 1 cteHga. Och 2 CTeHZa OPTOTOHAJIbHA OCH 1
Y pacIIoNoKeHa ropu30HTaNbHO. CTeH[ YyCTAHOBJIEH
TaKKM 06pa3oM, YTO IIPU HYJIEBHIX YIJIaX, 3alaHHBIX
ns oberx oceM CTeHJA, OCh 1 HalpaBjeHa BBepX,
a 0Chb 2 - B TOPHU30HTANbHON IIJIOCKOCTH. HB mpu
[IOMOILM IIPeLIM3MOHHOM OCHACTKH pasMellaeTcs
M >KeCcTKO QHUKCHUPYeTCs Ha YCTAHOBOYHOM IIJIAT-
dopme cTeHma TakuM obpas3om, 4uTo ock Y HHUB
COBIIaJiaeT € oChio 1 cTeHa, a och X - ¢ ockio 2 (puc. 1,
nosiokeHue Y,). IIpy moMoIlu IIOBOPOTOB Ha 90°
1 180° OTHOCHUTENIBHO OCer 1 U 2 ,E[BYXOCHbeI CTEeH[,
[103BOJIseT pealn30BaTh 12 monoxkeHurn HUB, uso-
OpaskeHHBIX Ha puc.l. [Ipx 3TOM BC/IeCTBHeE IIOTpell-
HOCTeH YCTaHOBKH CTeH/la BeKTOP Ka’KyIerocs yCcKo-
penus G, O06YCIOBIEHHOrO CHJIOH TSXECTH,
IIPOeLlUPyeTCd Ha OCH OPTOTOHAJIbHOM CHCTeMEI
koopauHaT MWD, Kak MoKa3aHO Ha PHC. 1 mon Kask-
IObIM 13 nonoxkeHUN UUB, rae [T - omepalius TpaHCc-
MoHUpOBaHUSA BekTopa [, mpuuem, G, =C~bci,
i=1,2,3.

3mecs, bCl =cosd=1, bCz =sindcosp, b
bél +bzCZ +bzc3 =1.

H3MepeHUs IIPOU3BOAATC IPU HECKOJIBKUX TeM-
neparypax B KTX cTeHJa, IIepeKpbIBAKOIINX 3aJaH-
HBIH JHalla30H TeMIIepaTyp.

Ilepens HayajaoMm H3MepeHm?I KTX cTeHOa BBIBO-
JUTCA Ha 3aJaHHYI0 TemIlepaTtypy, 3atem HHB
B BBIK/IIOUEHHOM COCTOSSHHUH BBHIJEPKHMBAETCS IIPHU

¢, =sinasing,

i

Since all components of the errors are independent,
the total error of the elements of the accelerometer
orientation matrix can easily be calculated by the
formula.

Let’s consider each of the components separately.

METHODS OF DETERMINING THE
MEASURING AXES ORIENTATION MATRIX
OF ACCELEROMETERS, INSTRUMENTAL
AND METHODOLOGICAL ERRORS
Determination of the Ca orientation matrix of the
measuring axes of accelerometers in the orthogonal X,
Y, Z coordinate system, associated with the IMU
mounting surfaces, is carried out from the
measurements of the output signals from the
accelerometers on a high-precision biaxial bench
equipped with a heating and cooling chamber (HCC).
The normal to the mounting platform of the bench
coincides with the axis of the stand. Axis 2 of the
bench is orthogonal to axis 1 and is located
horizontally. The bench is installed in such a way that
at zero angles specified for both axes of the bench,
axis 1 is directed upwards, and axis 2 is in the
horizontal plane. The IMU is placed and rigidly fixed
on the mounting platform of the bench with the help
of the precision tooling so that the Y axis of the IMU
coincides with the axis of the bench, and the X axis -
with axis 2 (Fig. 1, position Y,). With the help of
rotations to 90° and 180° relative to axes 1 and 2, the
biaxial bench allows implementing 12 positions of the
IMU shown in Fig. 1. Due to errors in setting the
bench, the vector of apparent acceleration G due to
gravity is projected on the axis of the orthogonal
coordinate system of the IMU, as shown in Fig. 1
under each of the IMU positions, where [|T is the
operation of the transposition of the vector [], where
G =G'b.,i=1,2,3.

Here bcl =cosd=1, b
bél +bé2 +bf-:3 =1.

Measurements are made at several temperatures
in the HCC of the bench, overlapping a predetermined
temperature range.

Before the measurements are taken, the HCC of
the stand is adjusted to the set temperature, then the
IMU in the off state is exposed at this temperature
until it reaches all the components of the IMU, after
which the power supply is fed to the IMU. In the
enabled state, the IMU is additionally exposed until
the accelerometers reach the stationary temperature
regime.

Measurements are made when the IMU is
stationary, sequentially in all 12 positions shown in
Fig. In this case, the average values of the voltages at

., =sindcosp, b

¢ . =81nJdsinp,

¢
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Puc. 1. MonosxxkeHus cucmembl KoopouHam WG 0as akcnepuMeHmanbHozo onpedeaeHusl Mampuubl opueHmayuu usmepumens-

Fig. 1. The positions of the IMU coordinate system for the experimental determination of the orientation matrix of the measuring
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3TOH TeMIIepaType [0 ee OCTHKeHH S BCeMHU COCTaB-
HBIMH YacTtaMu UHB, mmocie yero Ha MWD niogaercya
IHTaHHe. Bo BKIIOYEeHHOM cocTosHUH HMHWB gomoi-
HUTeJIbHO BBIAEP)KHBAETCS OO0 TexX IIop, IIOKa aKce-
JIepOMeTpHl He JOCTUTHYT CTAallHOHAPHOTO TeMIlepa-
TYPHOI'O pesKHuMa.

H3MepeHHs MPOM3BOIAATCSA IMPU HEIOJBUKHOM
coctosHuu HMHWB, mocaemoBaTe/lbHO BO BCex 12-Tu
IIOJIOKeHU SIX, ITOKAa3aHHBIX Ha puc.l. Ilpu sTom
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the output of the accelerometers are determined in
each position W, W, W,", where v is the position of
the IMU, y=Y,,Y,,...; the subscript x, y, z indicates
the measuring axis of the accelerometers.
Furthermore, using temperature sensors installed in
each of the accelerometers, the corresponding
temperature values T, T}, T are determined in each
of the 12 positions, and then the average temperature
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B Ka’XKIOM IIOJIO’KeHHUH OIpenesdioTcs CpegHHe
3HaueHUs HAIpS’KeHUIH Ha BBIXOJe aKcelepoMe-
TPOB W;",W;’,Wz”’, roe vy obo3HayaeT IIOJIOXKEHUe
Wb ¢=Y,,Y,,...; HI>KHHH HHJAEKC X, Y, Z YKa3bl-
BaeT Ha H3MePHUTEJIbHYI0 OCh aKCeJepoMeTpOB.
Kpome TOTO, IIPU MMOMOILK TeMIIepaTypPHBIX JaTUYU-
KOB, YCTaHOBJIEHHBIX B Ka’XIOM H3 aKcejepome-
TPOB, OIpele/sil0TCs COOTBeTCTBYIOIIHEe 3HAUYeHU
TeMIIepaTyphl T;”,T;",TZ“’ B Ka>KIOOM H3 12-THU IIOJIOXKe-
HHUH, a 3aTeM CpeJHee 3HAa4YeHHe TeMIIepaTyphl,
ycpeIHeHHOe II0 BCeM aKceJlepoMeTpaM, a TaKKe
I10 BCeM 12-TH IIOJIO>KEHUSIM.

ITpu dukcupoBaHHOU TeMIepaType B KTX cTeHAa
B peXXHMMe TepMOCTAaTHPOBAaHHUSA HAIPSKeHUsS Ha
BBIXOZle aKCeJIepOMEeTPOB YIOBJIETBOPSIOT CJIeAYIO-
MM YPaBHEHHSIM:

wI=
K, ; Ca, Ca, Ca, G, S,
K, ; =| Cax Ca, Cay, Gy [+ S, | (@
K, X Ca, Ca, Ca, G, S,
V2

roe K,, Ky, K, - II0CTOSsHHBIe /I BCeX 12-TH IoIo3Ke-
HUH 3HaYeHHUsI MacIITabHBIX KO3OPHUIIMEHTOB
AKCeJIEPOMETPOB, CBSI3bIBAIOIIUX HAIPSISKeHU S
Ha BBIXOZe Ka>kK[I0ro U3 HUX C U3MepsieMbIM
Ka>KyIIMMCS yCKOpeHHeM Ha OCH YyBCTBUTE/Ib-
HOCTH;
Sy» Sy, S, ~ IIOCTOSIHHBIE 1151 BCeX 12-TH I107I0Ke-
HHH 3HAYEeHHU S CMeIeHHI HyJIeH aKceJlepoMe-
TPOB;
Gy, Gy, G, - IpOeKI MU M3MepsieMOro Kaxky1e-
rocsl yCKOpeHUsi, 00yCJIOBIIEHHOTO CHJIOH TSIKe-
CTH;

value averaged over all accelerometers, as well as over
all 12 positions.

At a fixed temperature in the HCC of the stand in
the thermostating mode, the voltage at the output
of the accelerometers is satisfied by the following
equations:

w2
K, X Cay Ca, Ca, G, S,
K, W; =| Cax Ca, Cay, Gy [+ S, | (D
K, X Ca, Ca, Ca, G, S,

e

where Ky, K, K, are constants for all 12 positions of
the scale factor values of the accelerometers,
connecting the output voltages of each of them
with the measured apparent acceleration on
the sensitivity axis;
Sy, Sy, S are constants for all 12 positions of
the zero offset values of the accelerometers;
Gy, Gy, G, are the projections of the
measured apparent acceleration due to gravity;

Ca’xX CaXY CaxZ
Ca:i=| Cay Ca, Ca, |isthematrixof
Ca, Ca, Ca, directional cosines to

be determined

defining the orientation of the axes of
sensitivity of accelerometers in the orthogonal
instrumental coordinate system; furthermore,
the sum of squares of elements in each row of
this matrix is equal to one.

Solving the system of equations (7) with respect to

the elements of the matrix Ca, we obtain:
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Ca,y Ca, Ca,
Ca:=| Cay Cay, Ca, |- mommeskamas ompepe-
Ca, Ca, Ca, |/IeHHIOMaTpHUIa
HaHpaB}IﬂIOIJ_[I/IX KOoCH-
HYCOB, 33/iaollasi OpPUeHTaLHUI0 0Cer YyBCTBU-
TeJIBHOCTH aKCelepPOMeTPOB B OPTOTOHAIBHOM
IIpUOOPHOM CUCTEeMe KOOPIHHAT; IIPH 3TOM
CyMMa KBaJpPaToB 3/IeMeHTOB B KaXXKI0U CTPOKe
3TOM MATpHULIBl paBHA eJUHUILE.
Paspemasi cucTeMy YypaBHeHHH (7) OTHOCTH-
TeJIbPHO 3JIeMeHTOB ManI/ILU:I Ca, HOHY‘II/IM:

zX zY

wh
Ca,,:= O . )

(o

OmubKu oIpefeNeHHUs 3/1eMeHTOB MaTPHIIBI
OpHeHTAllMH U3MepHUTe/IbHBIX 0CeH aKCelIepoOMeTPOB
B cucTeMe KoopauHaT MHWB 06ycioBieHBI IOTpern-
HOCTSIMH YCTaHOBKH CTeHJA, IO3MIMOHHUPOBA-
HUS ero IuaTGopmsl, OHEeHUSIMU OCeM BpalleHHSs
M Halu4MeM IIyMOB Ha BBIXOZE aKCeJIepOMETPOB.
CornacHo (10), (11) ommbra IIpHU OIpelesleHUH 3Jie-
MeHTa Ca,g MOXKeT ObITh [IPeCTAB/IeHA B BULIE:

a

4G,

<[ o) o

ACa =

, o=,
3)

HPI/I HCIIOJIB30BAHHH BBICOKOTOYHOIO CTeHOa
(c ManpIMU CpeJHEeKBaJpaTU4YeCKUMHU 3Ha4YeHHU-
SIMU OIIKMO0K MTO3ULIMOHHUPOBAHUS 0; U OMEeHUN ocH
0,), CUHTas yIJNOBble IOIPELIHOCTH ero yCTaHOBKHU
OTHOCHUTEJPHO MECTHOHM BepTHKaAH & MaJbIMH,
IIPUHHMasl BCe YeThIpe C/IaraeMBbIX B YHCIUTeNe (3)
CTaTHYeCKH He3aBHUCHMBIMH, a IIyMOBYIO COCTaB-
NAIOIYI0 Ha BBIXOE AaKCeIepoMeTpoB — bOesbIM
IIYyMOM C MHTEHCHUBHOCTBIO Q, B3SIB JIJIUTEIBHOCTD
HU3MEepeHHUH B Ka’KJOM H3 12-TH IOJOKEHHUH PpaB-
HOM T CeKyHJ, IOJyYHM B JIMHEHHOM HPHOIHKe-
HUHU OLIEHKY [/ CpeJHeKBAaAPaTHYeCKOro 3Hade-
HHUs YI‘)'[OBOI;I IIOrpelIHOCTH (I/I3MepeHHYIO B YIJIOBBIX
CeKyHJIax):
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wh
Ca = a . )

o (w o (w

The errors in determining the elements of
the orientation matrix of the measuring axes of
accelerometers in the coordinate system of the IMU
are due to errors in setting the bench, positioning
its platform, wobble of the rotation axes and the
presence of noises at the accelerometers. According
to (10), (11) the error in determining the element Cagg
can be represented in the form:

K“KAW[ﬁ)+(AWﬁé)—(AW[ﬁ)—(AWM)
o a a a

4G,

ACa =

, a=p,
A3

When using a high-precision bench (with small
mean square errors of positioning o, and wobble
of the axis 0,), small angular errors of its setting
relative to the local vertical §, taking all four additive
components in (3) as statically independent, and the
noise component at the output of the accelerometers
as a white noise with intensity Q, the duration of
measurements in each of the 12 positions equal to T s,
in the linear approximation we obtain an estimate
for the root-mean-square value of the angular error in
the angular seconds:

2
7. (K&) 180 13600

s * Gt n

o

+(01)2 + (02)2 (@)

For example, for K,=G, Q=3-10"78%'c, t=30c, 0,=5",
0,=2" this value is equal to 11,52".

The orientation matrix of the measuring axes and
the corresponding average value of the temperature
of the accelerometers (4) experimentally found for
each temperature in the HCC of the bench are used
to investigate the temperature dependence of this
matrix.

TEMPERATURE CHANGES IN THE
MEASURING AXES ORIENTATION OF
ACCELEROMETERS, PHYSICAL CAUSES AND
COMPENSATION METHODS

Let’s refer to the IMU design. There are two options
for placing accelerometers (Fig. 2a, b). In the first case,
the accelerometers are located on the same frame
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Hamopumep, apu K, =G,
Q=3-10"°B?%-c, T=30 c, g;=5", 0,=2"
3TO 3Ha4YeHHMe paBHoO 11,52,

OKCIepUMEHTAaJbPHO HaNJeH-
Has IS KaKIOU U3 TeMIlepaTyp
B KTX cTeHAa MaTpHlia OpHeH-
TallUd H3MepUTe/lbHBIX OCeH
U COOTBETCTBYIOIlee CpegHee
3HayeHHe TeMIlepaTyphl aKceje-
pOMeTpoB (4) HCIIOAB3YIOTCS IS
HCC/IelOBAHUSI TeMIIepaTypPHOHU
3aBUCUMOCTH 3TOHM MATPHIIBL.

T'HMPOCKOITEI
AKcCeJIepOMeTpPBL

TEMMNEPATYPHbDIE
M3MEHEHWA
OPUEHTAUUU
U3MEPUTEJIbHbIX OCEM
AKCEJIEPOMETPOB,
DOUSNYECKUE NPUYUNHDI

Puc. 2. PazauuHble koHcmpykuuu BUHC: (a) BUHC 1-42 (MW3A, Poccus), akce-
AepoMempbl CMOSM HA NOCABOUHBbIX 2paHsx 2upockonos; (b) VB (HWW "Moakoc”,
Poccus), akcenepomempbl pacnonoskeHbl 8 0moeAbHOM 0m 2Upockonos 6Aoke

Fig. 2. Various constructions of strapdown inertial navigation system (SINS):

(a) SINS I-42 (MIEA, Russia), accelerometers are located on the mounting faces

of gyroscopes; (b) IMU (Research Institute "Polyus”, Russia), accelerometers are
located on a unit separately from the gyroscope

/ T
TN nis

n METOAbl MAPUPOBAHUA

ObpatuMmcs K KOHCTpyKuuu HHB. CymecTByeT
IBa BapHaHTa pa3MelleHUS aKCeJIepoMeTpoB
(puc.2a, b). B mepBoM ciaydae aKkcelepoMeTPhl pac-
[I0/IaTAIOTCSl HA OJHOM paMe C TUpockomaMHu. CUu-
TaeTcs, YTO [IPU 3TOM TeMIlepaTypHble H3MeHeHU s
MaTpHIIbl OpHEHTAallMKW THPOCKOIIOB M aKCejIepo-
MeTpoB OyAyT OAMHAKOBBIMH, U HX Jierde OIU-
CaTh HeKOTOpou QyHKIIKMEH, 3aBHUCSIIEHN OT TeMIIe-
paTypel. OLHAKO IIPHU TaKOM YCTAaHOBKe B ClIydae
[I0JIOMKH THPOCKOIlA HJIM aKcejlepoMeTpa IIoTpe-
OyeTcsi pa3bupaTb U COOTBETCTBEHHO 3aHOBO IIPO-
BOOKUTH aTTecTalrio Bcero HMHMBE. Kpome Toro,
TeIlJIOBhIJeJIeHHe B THPOCKoIe B 17 pa3 mpeBbIIIaeT
TeIlJIOBBbIle/IeHHe B aKkcejepoMeTpe (2,5 BT IpoTUB
0,15 BT), 4TO NPUBOAUT K AOIOJTHHUTESbHOMY Ilepe-
IrpeBy aKCeJIepoOMEeTPOB M COOTBETCTBEHHO 60b-
MM CMeNIeHUSIM Hyas U Macmrtabuoro ko3ddu-
ueHTa [3].

Bo BTOpOM ciyuae aKkCeJepoMeTphl PacCIIOjo-
SKeHBI B OTJ€JIbBHOM MOJYJe, 4TO obecrednuBaeT UX
MEeHBIIUM IeperpeB U BO3MOXXHOCTb Pa3felbHOIo
peMoHTa OJIOKOB THPOCKOIIOB M aKCeIepOMeTpPOB
[4, 5]. OmHako Kasajoch OB, UTO B TaKOM KOH-
CTPYKLIUM TeMIlepaTypHble M3MeHeHHsS MaTpHII
OpHEeHTALIMHU aKCeJIepPOMeTPOB JOJIKHBL CTaTh 60/1b-
IMIUMH H3-3a BBeIeHUS JONOJIHUTEILHOro 601TO-
BOIro coeJHMHeHH . MexaHH4YecKas IpouHocTh MHUB
NOJIKHA TaK>Ke YMeHBIIMTbCS. 3ajader HAHHOIO
UCCIeqOBAHUS SIBASJIOCh A0Ka3aTeJdbCTBO HIJIH
OIlpOBepsKeHHe 3TUX TUII0Tes.

TeMmIepaTypHbBle H3MeHEHHsS OpHeHTAIlUU
H3MepHUTe/NbHBIX O0CeH aKCelepoMeTPOB CK/IAaAbIBa-
I0TCS U3 TpeX JYacTeu:

with the gyroscopes. It is believed that in this case
the temperature changes in the orientation matrix
of gyroscopes and accelerometers will be the same
and they are easier to describe by any function of
temperature. However, with such an arrangement,
in the event of breakage of a gyroscope or an
accelerometer, it will be necessary to disassemble and,
accordingly, re-calibrate the entire IMU. Furthermore,
the heat in the gyroscope is 17 times higher than the
heat release in the accelerometer (2.5 W vs. 0.15 W),
which leads to an additional overheating of the
accelerometers and therefore to large zero and scale
shifts [3].

In the second case, the accelerometers are located
in a separate module which ensures less overheating
and the possibility of separate repair of gyroscope
blocks and accelerometers [4, 5]. However, the
temperature changes in the orientation matrices of
the accelerometers would seem to become greater due
to the introduction of an additional bolted connection.
The mechanical strength of the IMU should also
decrease. The task of this study was to prove or
disprove these hypotheses.

Temperature changes in the measuring axes
orientation of accelerometers are made up of three
parts:

1. Change the orientation angle of the measuring
axis of the accelerometer relative to its
mounting plane ACar,.

2. Change in the position of the mounting
surfaces of the body parts of the IMU, on which
accelerometers are installed ACay,,.

3. Error of temperature correction ACar,.
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Tabaunua 1. BeanumnHbl ACar, 419 akCenepoMeTpoB pasivyHbLIX TUMNOB
Table 1. Values ACa, for accelerometers of various types

MapameTpbl AAK-02 _
Parameters (=) Cap
HecTabunbHoCTb 6a30BOM MTIOCKOCTU MO OCK

YYBCTBMTENbHOCTM B TeYEHNE CPOKA CAYXKObI +60 4 +20 415 115 4£20 1165
Instability of the reference plane along the - - - - - T
sensitivity axis during the service life

AnanasoH n3mMepsemMblX yCKOPeHUH, g +40 +20 450 +40 435 450 +60
Range of measured accelerations, g - - - . - - -
Ananasow paboumx Temneparyp,oC -50..+75 —60..470 —55..+85 —50..+85 —55.4+75 —55.+85 —55.+95
Operating temperature range, °C

MaTtepuan MadTHUKa KpemHun KBapy, KpemHun = KpemHumn KBapy, KBapy, KBapy,
Pendulum material Silicon Quartz Silicon Silicon Quartz Quartz Quartz

1. HM3MeHeHMe yIja OpMeHTALlMU H3MEpPHUTeNb-
HOM OCH aKCeJlepoMeTpa OTHOCHUTEIbHO CBOEL
[I0CaI0YHOM IIJIOCKOCTH ACar,.

2. HM3MeHeHUe II0JIOKeHHUS IIOCAJOYHBIX IOBEPX-
HOCTeH KOPIIYCHBIX AeTasen KB, Ha KOoTophIe
yCTaHABIHMBAIOTCA akcenepoMeTpsl ACar,.

3. OmwubKa TeMIIepaTypHOIM KOppeKL KU ACar,.

CyMMapHO TeMIlepaTypHbIe yXOA bl HallpaBleHUH

H3MepHUTe/IbHBIX OCel aKCeJlepOMeTpOB OIlpesess-
I0TCA 110 GopMyie:

ACa; = \/(ACaTa)Z +(ACap, ) +(ACay, ). (5)

BenuunHa ACap, omnpefensieTcsi KOHCTPYKIHeH
aKcejepoMerpa, HpUUYeM TeMIlepaTypHas 3aBHCH-
MOCTh MMeeT IeT/II0 TUCTepe3rca. BeludyrHa 3TOro
TrHUCTepe3rca Ha3bIBaeTCsl HeCTabUJIBHOCTBIO 6a3o-
BOM IIJIOCKOCTH I10 OCH UyBCTBUTE/IBHOCTH B TeUeHHE
CpoKa CIysKOBI.

BenuuunHbel ACar, AJIsS aKCe/IepOMEeTpPOB Ppas3/iKy-
HBIX THIIOB IIPUBeZeHbl B Tab. 1. M3 JaHHBIX BULHO,
YTO HeCTabMIBHOCTH 6a30BO IIOCKOCTH I10 OCH UyB-
CTBUTE/IbHOCTH OIlPefie/iieTcs He CTOJIbKO MaTepHa-
JIOM MasiTHHKA, Kak HaIlpuMep CMellleHHe HYA [3],
a CKopee [HAaIla30HOM HK3MepsieMBIX YCKOpPeHHH
1 pabounx TemrepaTyp. OCOOHSKOM CTOST BecbMa
HHU3KHe XapaKTepUCTUKU A-18, ofHaKO NaHHBIU
npubop 6s11 pa3paboTaH rje-To Ha ISATh JIeT PaHbIIe
CBOMX KOHKYPEHTOB.

BenuunHa ACaq,; orpenensercs MaIacTUYeCKUMU
JepopMalMsIMU KOHCTPYKLUHH, BBI3BAHHBIMH pa3-
HUulled K03 UILIHMEeHTOB TepPMHUYeCKOro pacHIHpe-
HHs Kopmyca akcemepoMmerpa KTP, B KOPIYCHBIX
nOeTaneud MUB KTP,. MakcuMasbHOe 3HadeHHe ACar,
MO3KeT OBITH OLIeHEHO I10 popmyie:
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The total temperature changes in the directions of
the measuring axes of accelerometers are determined
by the formula:

ACa; = J(ACaTa)Z +(ACap, ) +(ACay) . (5)

The value ACar, is determined by the design of the
accelerometer, the temperature dependence having
a hysteresis. The value of this hysteresis is referred
to as the instability of the reference plane along the
sensitivity axis during the service life.

The values ACa;, for accelerometers of various
types are given in Table. 1, where it is seen that the
instability of the reference plane along the sensitivity
axis is determined not so much by the material of
the pendulum as, e.g., zero displacement [3], but
rather by the range of measured accelerations and
operating temperatures. A-18 stands out with very low
characteristics, but it was developed somewhere for
five years ahead of its competitors.

The value ACap, is determined by the plastic
deformations of the structure caused by the
difference in the coefficients of thermal expansion of
the accelerometer body KTPy and the IMU body parts
KTP,. The maximum value can be estimated from the
formula:

ACar;=0,1-(KTP;-KTP,) (T, To), 6)
where T, is the maximum temperature inside the
IMU at the accelerometer installation site, T, is the
temperature in the normal climatic conditions.

Let’s estimate ACar,. The body of the accelerometer
is made of steel (KTP=15-10"°1/°C), the IMU body parts
are made of D-16 (KTP=22,9-10°1/°C), T, .,=+85 °C,
T,=+20 °C, ACar,=5,1-105rad. =11".

max
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ACar,;=0,1(KTPg~KTP,) (T~ To), ©6)
roe T.,~ MaKCHMajabHasg TeMIlepaTypa BHYTPHU
HNHDb B MecTe yCTaHOBKH aKCelepoMeTpoB, T, - TeM-
neparypa HKY.

IIpoBemeMm owmeHky ACar,. Kopmyc akceine-
pomerpa wu3roroBieH u3 cranu (KTP=15-10"6

1/°C), xopmycHble feTaau HHB H3roTOBJIeHBH
u3 JI-16 (KTP=22,9-10°1/°C), T,.x=+85 °C, Ty=+20 °C,
ACar,=5,1-10"pan.=11".

Ommubka TeMIIepaTypHOM KoppeKI K ACarp, ompe-
Jle/IIeTCsT TOUHOCThI0O H3MepeHHs: TemIiepaTypsl AT
Y1 TeMIIePaTypHBIM KO3PPHUIIHEHTOM yIja OTKJIOHE-
HU S 6a30BOM IJIOCKOCTH K, :

ACar =AT K¢, @

JJIss KBapLeBBIX aKCeIepoMeTpoB Kg,~1,5"/°C,
/i KPeMHHEBBIX 3Ta BeJHYHHA CYIIeCTBEHHO
6onpmre - fo 6"/°C. ToUHOCTb HM3MepeHHUSsI TeMIlepa-
TYpBl B YCIOBHSX GOPTOBOM ammapaTypsl (IIOMexH,
BpeMs U3MepeHHs) cocTaBuseT AT=0,2°C. CooTBet-
cTBeHHO ACar, ~0,3" /i1 KBapLeBbIX aKCeIePOMETPOB
U 10 1,2" 11 KpeMHUeBbIX.

Ha ocHOBaHMM IMOJy4eHHBIX [HAHHBIX IIPOBE-
neM oueHKy ACar. ITo dopmyse (5) MOAYyUHM, UTO
ACar~12-19" myisg KBapLeBBIX aKCeIepOMeTpOB, IIPO-
TUB ACa;~19-61" [y11 KpeMHHUEBBLIX aKCeJIepOMEeTPOB.
TakuM obpa3zom, Benu4yuHa ACap IPaKTUYECKH
[IOJIHOCTBIO OIpeneaseTcs IIPUMeHSeMBbIM THIIOM
aKceyjepoMmerpa.

CpaBHUM MOJy4YeHHBbIe pacyeTHBIe 3HAYEHHS
C pesynbTaTaMH 3KcIepuMeHTa. Ha puc.3a, b
II0OKa3aHa H3MepeHHas 3aBHCHMMOCTb YIJIOB OPHU-
eHTALlMU H3MepPHUTe/IbHBIX 0Cel aKCeJepoMeTpOB
OTHOCHUTE/IbHO OPTOTrOHAJIbHOK CHCTEMBI KOOPZH-
HaT Ayyp OT TeMIIEPATYPHL AJid OBYX THUIIOB aKce-
JIepOMeTPOB U OJHOM U TOM >Ke KOHCTPYKUKuU UHB
(puc. 2b). Inst cpaBHeHU S Ha rpadHKe MIPHUBeIeHEI
TeMIlepaTypHble 3aBHCHMOCTH YIJIOB OPHEHTa-
UHMH aHAJIOTUYHBIX HU3MepHUTeJbHBIX OCEH THPO-
CKOIIOB M PAa3HOCTH MeXAYy HUMH. ITO [IO3BOJISET
olmpenenuTh KaK oOHiMe yI/TOBble MOBOAKH KOH-
cTpykuuu HMHB (OHH OOKMHAKOBBL OIS THPOCKO-
IIOB M aKCe/lepOMeTpPOB), TaK U HM3MeHEeHHUS OpH-
@HTAlMK Ka>XJ0ro M3 MHePUHUATBHEIX HJAaTYHUKOB
OT[Ee/IBHO.

Kak BHIHO U3 pHc.3a, b TemIepaTypHas 3aBUCH-
MOCTh YIJIOB OpHEHTAILIMKM T'MPOCKOIIOB OYeHb CJia-
6asi. CHHXPOHHAs COCTaBJIsONIasg TeMIIepaTypPHOTIo
M3MeHeHHS YIJIOB OPHeHTALIMU U YIJIOBBIE IIOBOJKU
KOHCTpYKUHU HMHDB oTcyTcTByrOT. TeMmepaTtypHas

14+

10 -

Ly |
¥}
6 L
2 B ry
Il Il Il Il Il Il .\ Il Il Il Il Il Il Il Il \' Il Il Il Il Il Il Il
-55 45 -35 25 -15 -5 5 15 25 35 4 55 65
T, °C
a)
1 \
3 L
NH i
3 57

7:/;/-//.

9 . . - —

=55 45 -35 -25 -15 -5 5 15 25 55 65

b)

— TeMIepaTypHas 3aBUCHMOCTb YIJIOB ODHEHTALHH
aKceJIepOMEeTPOB

— TeMIIepaTypHas 3aBUCKMOCTb yYIJIOB OPHEHTALIUN
THUPOCKOIIOB

— TeMIIepaTypHas 3aBUCHMOCTb PA3HHUIIbl MEKAY YIJIAMHU
OPHEHTAIIUH aKCeJIEPOMETPOB U THPOCKOIIOB

Puc. 3 TemnepamypHas 3a8ucumocmsp y2A08 opueHmauuu
2UpoCKoNoe U akceAepomMempos: a) KpemHuesbili akcenepo-
memp A-18; b) keapuesbili akcenepomemp AK-18

Fig. 3 Temperature dependence of the orientation angles of
gyroscopes and accelerometer: (a) silicon accelerometer A-18;
(b) quartz accelerometer AK-18

The error of the temperature correction ACar,
is determined by the accuracy of the temperature
measurement AT and the temperature coefficient of
the deflection angle of the reference plane k,:

ACar =AT ke, )

For quartz accelerometers, k¢, =1.5"/°C, for silicon,
this value is much larger - up to 6'/°C. The accuracy
of temperature measurement in the conditions of
on-board equipment (interference, measurement
time) is AT~0,2 °C. Accordingly, ACar,~0,3" for quartz
accelerometers and up to 1.2" for silicon ones.

Based on the data obtained, we will estimate
ACar. Using formula (5), we obtain ACa;~12-19" for
quartz accelerometers, against ACa;~19-61" for
silicon accelerometers. Thus, the value ACa;is almost
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Tabnuua 2. CBoAHbIE pe3yNbTaTbl 3KCNEpMMEHTa No onpeaeneHnio TeMrnepaTypHbIX YXO40B HarnpaBieHWIA U3MepUTeb-

HbIX OCeun aKcenepomMeTpoB

Table 2. Summary results of the experiment for determining the temperature drifts of the directions of the accelerometer

measuring axes

[MapameTtp

Parameter

MaKcMManbHOe 3HaYeHMe Yr0B OTKJIOHEHNS M3MEPUTENbHOM OCK akcenepomMmeTpa
Maximum value of the deviation angles of the accelerometer measuring axis

KpeMHWeBbI
akcenepometp A-18
Silicon
acelerometer A-18

KBapueBbI
akcenepometp AK-18
Quartz
acelerometer AK-18

14,5'(307) 8,5'(20")

TemnepaTypHbIA KOIPOULMEHT yrna OTKJOHEHUS 6A30BOM NJIOCKOCTH
Temperature coefficient of the deviation angle of the reference plane

4,9"/°C(6"/°Q) 0,8"/°C(1,5"/°C)

TeMnepaTypHble yXoAbl HANPABAEHWUIA M3MEPUTEIbHbLIX OCEN aKCe1epoOMeTPOB
TemnepaTypHble YXOAbl HanpaBaeHU U3MepUTEbHbIX 0Ce akCcenepoMeTpoB

35"(60") 11,5"(15")

3aBUCHMOCTD YIJIOB OPHEHTAaLlM1 KPEMHHEeBBIX aKce-
JIepOMETPOB OYeHb CHUJIbHAL.

s KBapLieBBIX aKCeJIePOMETPOB 3aBHCHMOCTHU
CPaBHHMBI C QYHKUMSAMH [ THPOCKOIIOB, YTO
OIIATH K JOKA3bIBAET IJIABEHCTBO MaTepHaja MasT-
HMKa B 3TOM BOIIpOCe.

Terepp obpaTuMcs K 3PHeKTUBHOCTH TEPMOKOP-
pekuuu. Ha puc.4a, b mpuBeneHBl 3aBUCHMOCTH
ACap niist 0bouX THUIIOB aKCeslepoMeTpoB. B Tabi. 2
IIpeACTaB/IeHbl CBOJHBIE Pe3y/IbTaThl IKCIIePUMEHTA.
B ckobkax IpHBeIeHBl pacuyeTHBIe JaHHBIE IO TeX-
HUYECKUM CIeIUPHUKALHAM aKCe/IepOMETPOB.

Kak BUAHO U3 puc.3, 4 u Tabn. 2, TemIeparyp-
Hble CABUTH HaIlpaBJeHUHN H3MepHUTebHBIX OCeH
akcenepoMeTpoB ACa; IIOJHOCTBIO OIIPeAeIsioTCs
BeIM4YMHOU ACar,, 4YTO COOTBETCTBYeT BBIBOAAM
u3 dopmynsl (5). KOHCTPYKTHBHOe PpaCIIONOKeHHe
akcenepoMmeTpoB B MHB He BIHAET Ha TeMIepaTyp-
HYIO IIOIPELIHOCTb II0TI0KeHH I H3MEePHTEe/IbHBIX 0Cer
aKCcerIepoMeTpOB.

U3MEHEHWS HAMPABJIEHUA
U3MEPUTEJIbHbIX OCEN
AKCEJIEPOMETPOB INMOCJIE
MEXAHWYECKUX BO3OENCTBUN

B mpomecce skcmayatauun HMHWB 1ogsepraercs
MeXaHHYeCKUM yAapaM M BUOpalMsIM, KOTOpble
TaK>ke IIPUBOASAT K U3MeHEeHHIO OpHeHTalluH H3Me-
PUTeNBHBIX OCeH aKcelepoMeTpoB. OIpenenluTh
M3MeHeHHs HallpaBJeHUIM H3MepHUTeNIbHBIX OCeH
aKCeJIepOMETPOB HeIOCPeACTBEHHO B MOMEHT Mexa-
HUYeCKUX BO3JeMCTBUM He MPeNCTaBIseTCs BO3-
MOXKHBIM, II0O9TOMY O MeXaHH4eCKOH YCTOMYHUBOCTH
aKcesIepOMETPOB CYAST I10 U3MeHEeHHUI0 OPHeHTaLlu U
H3MepHUTebHBIX OCeH I0C/Ie MeXaHHYeCKUX YIapoB
Y BUOpaI .
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completely determined by the type of accelerometer
used.

Let’s compare the calculated values obtained
with the experiment’s results. Fig. 3a, b shows the
measured dependence of the orientation angles
of the measuring axes of accelerometers relative
to the orthogonal coordinate system A, on the
temperature for two types of accelerometers and the
same design of the IMU (Fig. 2b). For comparison,
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Puc 4. 3asucumocmu ACa om memnepamypbl OKpy>xarouietl
cpedsi: (a) KpemHuesbili akcenepomemp A-18; (b) keapuesbili
akcenepomemp AK-18

Fig. 4. Dependences ACa for ambient temperature: (a) silicon
accelerometer A-18; (b) quartz accelerometer AK-18
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Tabnuua 3. BennynHbl yX040B MaTpuL, HaNnpaBaAKLWNMX KOCMHYCOB N3MepUTe/ib-

HbIX OCEeN rMpPOCKOMNOB M aKCeNepoOMETPOB NOC/E MeXaHMYECKMX BO3AENCTBUI the plot shows the orientation
Table 3. The values of the matrices drifts of the direction cosine of the gyroscopes angles of similar measuring axes
and accelerometers measuring axes after mechanical exposures of gyroscopes and the difference

between them. This allows us
e to determine how the common
akcesnepomMeTp OAMHOYHbIe yaApbl CuHycomnaanbHas Bubpauus angular levers of the IMU deSIgn
Gyroscope or Single impacts Sinusoidal vibration (they are the same for gyroscopes
acelerometer and accelerometers), and the
orientation changes of each of the
xY 8,03 11,7 0,13 -2,37 -0,41 -33,38 inertial sensors separately.

Exposure / Bo3gencrsue

40G 100G 5G 10G 20G

yxog Cq, .
yra. c : As can be seen from Fig. 3a, b,
Drift Cq, Xz 0.89 1.25 24,14 905 257 17.76 the temperature dependence of the

angle. s vz -0,51 552 778 -4.86 -0,51 22,09 orientation angles of gyroscopes
is very weak. The synchronous

= % -9,70 -8,25 0,25 12,49 -3,70 13,83

yxoa Ca, component of the temperature

‘gr’i‘];t%a xZ -9,34 7,44 -0,57 15,49 -7.35 9,76 change in the orientation angles
' and angular levers of the IMU

angle.s yZ -0,81 -0,60 -0,42 1,75 -0,08  -51,34 8

design is absent. The temperature
dependence of the orientation
Jlnst mccrnefoBaHHUs H3MeHeHHs HampaBieHHs || angles of silicon accelerometers is very strong.

M3MepHUTeIbHBIX 0CeH akcerepoMmeTrpoB MUB c akce- For quartz accelerometers, the dependencies are
nepoMeTpoM A-18 mocie MexaHHYeCKMX Bo3gel- || comparable to the functions for gyroscopes, which
CTBHUH, OH OBII IOABEPTHYT OJMHOYHBIM yAapaM || again, proves the dominance of the pendulum
c yckopeHueM 20g, 40g, 100g B KonuuecTBe 4-X yaa- || material in this matter.

POB, a TaKKe CHHYCOMAATBHON BUOPALIUM C YACTO-
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ToM 25 'l ¥ aMImIuTynou 5g, 10g u 20g, IpoJoIKU-
TenbHOCTHIO 10 MuH. Kakmoe BO3IeHCTBUE
IIPOBOOMJ/IOCH B HaIlPaB/JIeHHUHU Kaskgon us ocext UUB
(X, Y, Z). lo, Mexay U IIOCJIe BO3JEHCTBUH OBUIH
M3MepeHbl MaTPUIIBl HAIIPaBIAASIOIIMX KOCHHYCOB
H3MEepUTE/bHBIX 0Cel akcenepomeTpos (Ca) u rupo-
ckoroB (Cq) Ha BBICOKOTOYHOM TPEXOCHOM CTEH[E.
Omubka ompesie/eHUs YIJIOB OPHEHTAI|UH COCTaB-
nsi1a, Kak 6blJI0 ysKe CKa3aHo BbIIe, +12" 110 yPOBHIO
lo mnu +30" Pe3ynbTaThl 3KCIIEPUMEHTA ITPUBeJeHEI
B Tab. 3.

Pe3yabTaThl 3KCIIepUMEHTa ClIefyouue:

* aKceJepoMeTpPhl M THPOCKOIBl IIPOJEMOH-
CTPUPOBAJIM XOPOIIYIO MPOYHOCTh K yJapaM
Y BUOpaLyu.

* 32 mpefenbl AONYCTHUMOH IOTPEIIHOCTH 3KC-
IIepUMeHTa BBIIUIM Pe3yJbTaThl M3MepeHHH
OTKJIOHEHMS OCH KaK II0 THPOCKOIIaM, TaK
U I10 aKCeJlepoMeTpaM IIPU CIy4arHoM BU6pa-
LHHU C aMIUIUTyAoM 20g. Ilo-BUAMMOMY, 3Ta
Be/IMUHHA OIpefeyseT IpefelbHOe BO3Jel-
CTBHE II0 IIPOYHOCTH, BbIIEP)KHUBAaeMoOe KOH-
CTPYKL €M TMPOCKOIIOB U aKCeJIepOMETPOB.

3AKNKOYEHUE

IIpoBemeHHbIe MCCIEAOBAHHS MOKA3a/lH, YTO H3Me-
HEHH S MaTPHIIBI OPHEeHTAIIUY aKCeJIePOMETPOB IIPU
TeMIIePAaTyPHBIX, YIAPHbIX, BUOPALIMOHHBIX BO3/EH-
CTBUSX olpenendrTcs Ha 90% caMHM aKkcejaepo-
MeTpoM. B CBSI3M C 3THM YCTaHOBKA T'HPOCKOIIOB
M aKCeIepoOMeTPOB Ha OAHH H Te >Ke IOCAJOUHBIe
IJIOCKOCTH Koprnyca MUB He sBiseTcs: obsi3aTens-
HOM. DTO CYLIeCTBEHHO Y/Iy4llaeT PeMOHTOIIPUTOM-
HOCTh Wb 1 yMeHFbIIaeT IIeperpeB aKCeJIepoMeTPOB.
[IprimMeHeHMe TEPMOKOPPEKLIMKM MaTPHUIBI OpHeHTa-
LUU JTHHeMHON QYHKIIMell I103BO/seT yMeHBIIMTb
omubKy [0 IOTpPelIHOCTel aKceaepomeTpoB. Ilpen-
JIOKeHHas KOHCTpyKuusa HMHB ¢ pasmenbHBIM pac-
II0JIOKeHUeM TMPOCKOIIOB U aKCe/IePOMETPOB TaKKe
obecrieyrBaeT MeXaHHYECKYIO IPOYHOCTh II0 KPH-
TePUI0 COXPaHEHHUS OPHEeHTALMH H3MEepPHUTEeIbHBIX
ocell MHePLHa/bHBIX JAaTYHKOB [I0 BHICOKUX YPOBHe
MeXaHHYeCKHX BO3JIeCTBUI.
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Now let’s refer to the efficiency of thermal
correction. Fig. 4a, b shows the dependencies
ACarfor both types of accelerometers. Table 2
summarizes the results of the experiment. In
brackets are the calculated data on the technical
specifications of accelerometers.

As can be seen from Fig. 3 and 4 and Table 2,
the temperature shifts of the directions of the
measuring axes of the accelerometers ACa; are
completely determined by the value ACar,, which
corresponds to the conclusions of formula (5). The
structural arrangement of the accelerometers in
the IMU does not affect the temperature error
of the position of the measuring axes of the
accelerometers.

CHANGES IN THE DIRECTIONS OF
MEASURING AXES OF ACCELEROMETERS
AFTER MECHANICAL IMPACT

In the course of operation, the IMU is subjected to
mechanical impacts and vibrations that also lead
to a change in the orientation of the measuring
axes of the accelerometers. It is not possible to
determine the changes in the directions of the
measuring axes of accelerometers directly at the
moment of mechanical exposures, therefore, the
mechanical stability of accelerometers is judged
by changing the orientation of the measuring axes
after mechanical impacts and vibrations.

To study the change in the direction of the
measuring axes of the accelerometers of the IMU
with the accelerometer A-18 after mechanical
exposures, it was subjected to single shocks with
an acceleration of 20g, 40g, 100g in the number of
4 impacts, as well as sinusoidal vibration with a
frequency of 25 Hz and an amplitude of 5g, 10g and
20g, for 10 minutes. Each exposure was conducted
in the direction of each of the axes of the IMU (X,
Y, Z). Prior to, between and after the impacts, the
matrixes of the direction cosines of the measuring
axes of accelerometers (Ca) and gyroscopes (Cq)
were measured on a high-precision triaxial bench.
The error in determining the orientation angles
was, as was already mentioned, +12" for level 1o or
+30". The results of the experiment are given in
Table 3.

The results of the experiment are as follows:

+ accelerometers and gyroscopes have
demonstrated good strength to impacts and
vibrations.

« deviations from both the gyroscopes and
the accelerometers for random vibrations
with an amplitude of 20g appeared beyond
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the accuracy of the experiment, which
is apparently the limiting effect on the
strength of the construction of gyroscopes
and accelerometers.

CONCLUSION

The investigations conducted have shown
that changes in the orientation matrix of
accelerometers at temperature, impact, vibration
effects are determined by 90% by the accelerometer
itself. In this regard, the installation of
gyroscopes and accelerometers on the same
mounting planes of the IMU is not mandatory.
This significantly improves the maintainability
of the IMU and reduces the overheating of the
accelerometers. The use of thermal correction
of the orientation matrix by a linear function
makes it possible to reduce the error to the errors
of the accelerometers. The proposed IMU design
with the separate arrangement of gyroscopes and
accelerometers also provides mechanical strength
by the criterion of maintaining the orientation
of the measuring axes of inertial sensors to high
levels of mechanical effects.
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