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IDENTIFICATION OF THE MOTION PARAMETERS OF THE SENSITIVE
ELEMENT OF THE LINEAR ACGSELERATION METER

The development of modern high-precision gravimetric and navigation systems requires the improvement of all
components of these systems and the wide application of algorithmic methods of processing measurement signals.
Possibilities for improving the design and increasing the accuracy of the manufacturing of the constituent elements are
practically exhausted at the present time. Therefore, the application of algorithmic methods of increasing the accuracy of
gravimetric and navigation systems is a very promising and relevant way. This requires the creation of highly accurate and
effective algorithmic methods for processing the output signal of linear acceleration meters, as an important component of
gravimetric and navigation systems. The output signal of these meters is formed using a gyroscopic sensitive element that
deviates by an angle proportional to the current acceleration. The deflection angle of the sensitive element is measured by
the angle sensor. The operation of linear acceleration meters in unfavorable and non-stationary measurement conditions is
accompanied by the occurrence of a number of disturbances added to the output signal of the sensitive element of these
meters. For example, harmonic interference can be caused by the non-stationary thermal state of the gyroscopic sensitive
element and the effect of periodic movements on the frequency of pendulum oscillations of the sensitive element. Therefore,
the article takes these features into account when developing identification algorithms for linear acceleration meters with
increased metrological characteristics

In the article the algorithmic method of increase of accuracy of accelerometers of linear accelerations is considered.
The basis of the given method is the identification of parameters of motion of a sensing element of these accelerometers. The
errors of identification because of method of a maximum probability and errors stipulated by a linearization of mathematical
model of motion of a sensing element are considered.

Key words: linear acceleration meter, sensitive element, algorithmic methods, accuracy improvement, parameter
identification

BE3BECIJIBHA OJIEHA

HTVYYVY «KuiBcbkuit monitexHiyHui iHCTUTYT iMeHi [ropst CikopchKoro
T AJIMLbKUI B TYECJIAB

TTAT "HBO «KuiBcbKHii 3aBOJl aBTOMATUKHU"

TOJIOYKO TETSHA

HTVYY «Kuischkuit nomiTexHiuanii iHcTUTYT iMeHi Iropst Cikopcbkoro»

INIEHTU®IKALIS HAPAMETPIB PYXY UYTJAMBOI'O EJIEMEHTA BUMIPIOBAYA JITHIMHUX
NNPUCKOPEHb

Po3sumok cy4acHux BUCOKOMOYHUX 2pasiMempuyHux i HaseizayillHux cucmem nompe6ye yO0OCKOHA/NEHHs 8CIX CKAAOOBUX
e/leMeHmi8 Yux cucmeM ma WUPOKO20 3ACMOCY8AHHS A120pUMMIYHUX Memodie 06pob6KU BUMIpH8ANbHUX cuzHasig. Modxcausocmi
YOOCKOHA/IeHHS KOHCMPYKYIi ma nidsuwjeHHss moYHoCcmi 8U20Mo8/1eHHS CKAad08UX eJleMeHmie Ha menepiwHill 4ac NpakmMu4HoO 8UYEPNAHi.
Tomy dysrce nepcneKmuBHUM | AKMYANbHUM WASIXOM € 3dCMOCY8AHHS AN120PUMMIMHUX Memodie nidguwjeHHs moYHoCmi 2pagimempu4Hux i
HasieayitiHux cucmem. lle eumazae cmeopeHHs 8UCOKOMOYHUX | eleKMUBHUX a120pumMiyHUX Memodie 06po6KU 8UXIOHO20 cuzHaay
suMiptogauie NiHIIHUX NPUCKOPEHb, K 8aXCAUB0I cK1adogoi yacmuHu zpasimempuvHux i HagieayiliHux cucmem. Buxidnuil cueHan yux
sumiprogauie gopmyemuvcsi 3a 00NOMO02010 2IPOCKONIYHO20 4YyMAUB020 e/eMeHma, Wo 8i0XUAsIEMbCST HA Kym, nponopyitiHull ditouomy
npuckopeHHio. Kym gioXuseHHss yymausozo esemeHma suMiproemucst damuukom Kyma. Poboma gumiprogayis AiHIlIHUX npuUckopeHb 8
Hecnpusim/ausux ma HecmayioHapHuUx yMoeax euUMIpr8aHs cynposodicyemuvcsi UHUKHEHHSIM pady 3aead, wo dodaromucesl 00 8UXiOHO20
cu2Ha/y yym/aueozo enemeHma yux sumipiosauis. Hanpukaaod, eapmoniiina 3agada modice 6ymu 06ymMo8/1eHa HecmayioHapHUM men/08um
cmaHoMm 2ipocKoniyHo20 Yym/ueoz20 ejnemMeHma ma enausoM nepiodu4HUX pyxie HA Yacmomi MAsiMHUKOBUX KOJUBAHb Yym/uB020
enemeuma. Tomy y cmammi 8paxosaHo yi oco6augocmi npu po3po6yi aszopummie idenmudbikayii 015 sumiprosavie AiHilIHUX NPUCKOPeHb
3 nidsUWeHUMU MempoA02IYHUMU XapaKkmepucmukamu

B cmammi po3saasitHymo anzopummivHuili Memoo nidguwjeHHs moYHOCMi 8UMIp08ayis AiHiliHuX npuckopeHv. OCHOB0K OaHO20
Memody € idenmugikayis napamempia pyxy yym/augo2o eJAeMeHma yux sumiprosavia. PozaasHymo noxubku idenmugikayii 3a memodom
MakcuMaabHoi npagdonodibHocmi ma noxubku, 06ymMoesieHi AiHeapusayielo mamemamuyHoi Modesi pyxy 4ymaueozo ejsemeHmad.

Kawouogi caosea: eumiprogay AiHIIHUX NPUCKOPEHb, YyMAUBUL efeMeHm, ad/A20pumMivyHi Memodu, nidguwjeHHs: moyHocmi,
idenmudpikayis napamempis
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Statement of the problem in a general form and its connection
with important scientific or practical tasks
The development of modern high-precision gravimetric and navigation systems requires the improvement of
all components of these systems and the wide application of algorithmic methods of processing measurement
signals. Possibilities for improving the design and increasing the accuracy of the manufacturing of the constituent
elements are practically exhausted at the present time. Therefore, the application of algorithmic methods of
increasing the accuracy of gravimetric and navigation systems is a very promising and relevant way.

Analysis of recent research and publications

All this requires the creation of highly accurate and effective algorithmic methods for processing the output
signal of linear acceleration meters, as an important component of gravimetric and navigation systems [1, 2]. The
output signal of these meters is formed with the help of a gyroscopic sensitive element (GSE), which deviates by an
angle proportional to the current acceleration. The angle of deviation of the sensitive element (GSE) is measured by
the angle sensor (AS).

There are many scientific works devoted to the theoretical foundations and research of optimal algorithms for
filtering discrete signals of measuring instruments containing interference [3, 4, 5]. However, these works do not
address the issue of identifying the motion parameters of the sensitive element of the linear acceleration meter.

The operation of linear acceleration meters in unfavorable and non-stationary measurement conditions is
accompanied by the occurrence of a number of disturbances that are added to the output signal of these meters. In
[6], the issue of the effect of harmonic interference, which can be caused by the non-stationary thermal state of the
gyroscopic GSE and the effect of periodic movements on the frequency of pendulum oscillations of the GSE, is
covered. But the main features are not taken into account when developing identification algorithms for linear
acceleration meters with increased metrological characteristics.

The task of optimal filtering is the task of assessing the state of the electric vehicle and identifying its
movement parameters, which is formulated in stochastic terms. Therefore, in the future, we will use the term
"identification of parameters of GSE movement".

The purpose of this article is to develop an algorithmic method for identifying the parameters of the motion
of GSE linear acceleration meters. This method provides an increase in the accuracy of linear acceleration meters in
adverse and non-stationary measurement conditions.

Presentation of the main material of the article

We will perform the identification of the movement parameters GSE of the linear acceleration meter based
on the processing of data «, , i = 1K, received from the AS of this vehicle. With
a =a(t)+6,(1), i=LK, t,=i-8,, T,=K-&,,
where «a(t;) — values corresponding to the ideal trajectory of the GSE movement, J,(¢#,) — errors of the

measured trajectory of the GSE movement, due to the effect of obstacles on the GSE and AS errors, K — the
number of readings coming from the AS, &, — the time interval between readings, 7, — GSE observation time.

The movement of the electric vehicle, observed with the help of AS, can be represented by the sum of the
useful component, which is considered constant over the observation interval and which is proportional to the
measured acceleration, and the variable component, which is determined by the solution of the differential equation
(2, 6]

Qg +28 ag + o} sina; =0, e
where @, - is the circular frequency of precessional oscillations of GSE, ¢, - is the damping parameter.

In the case of small fluctuations of the GSE sin(a; ) = @; , and the solution of equation (1) has the form

ag () =4y e’ sin(w; t + ¢y ), where @y = Vo§ - cféj s Agj > — are the amplitude and the initial
phase of the precessional oscillations of the GSE. If & — 0, then the mathematical model of the ideal trajectory of
the GSE motion has the form:

a()=a; +ag (1); ap =const; ag (1) =a.sinwg; t+agcoswg t, )
where o, = Acose, o, = Asing . The GSE state vector to be identified is equal to: Z, = (a,n N AN )T .
In the general case, the errors J,(¢,) of the measured trajectory of the GSE movement can be correlated,

taking into account the presence of deterministic disturbances (harmonic, exponential) and kinematic nonlinearities
of the GSE. We will consider the distribution of the error amplitude to be normal, taking into account the influence

of many factors that lead to these distortions. All this determines the application of the maximum likelihood method
for assessing the state of the GSE.

The maximum likelihood estimate 2a for the state vector Z, is determined from the equation [3, 7]
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AW ZD) _ 47 g2 o -alz,.T)=0, 3)
dz,
where
[oa(Z,.t) 0a(Z,.1,) oa(Z,,t,) |
0a; oa; 0a;
4 =| 00Zut) 0aZ,t) - daZuty) | @
oa. oa, oa,
da(Z,.1) 0a(Z,,t,) oa(Z,,,t)
0a 0a 0d,
a = (al* ,...,a,i)r — the vector of the results of measurements of the trajectory of the GSE movement,

a(Za,T )= (a(ia,t, ),...,a(ZAa,tK))T — the vector of the deviation angle values of the GSE calculated for the
mathematical model (2) of the ideal movement trajectory of the GSE based on the estimation 2a of the state vector,

T =(t,,...,t;)" — the vector of moments of time at which the measurements of the measured movement trajectory
of the GSE were obtained,

R,=0% Iy +R,; R'=[w,],ij=LK

)

— correlation matrix of errors of the measured trajectory of the GSE movement, o3; — AS error variance,

1, —unit matrix of size, K xK, R, ; — correlation matrix of errors due to the effect of correlated disturbances on

the GSE.
Then
AZ,,t) =6y +acsin(@y t,)+agcos(@g t,) , (6)
1 1
A" =|sin(wy S;)  sinQay; ;) sin(Ke; ;) | . (7)

cos(wg; 5;) cos(2a; 9;)

cos(Kay; 5;)

Let's calculate the maximum likelihood estimate for the GSE state vector based on (3) taking into account

(5), (6) and (7):

where B, =

[ K
Zwl.
i=1

K
> w,siniog 5,)
i=l

Z,

BCZ

K
z w, sin(io; ;)
i=1

K
> w,sin’ (i 5,)
i=l

:C,

o

K
ZWI. cos(iag ;)

i=1

K
ZWi sin(iog; 6,)cos(iog 6;)
i=1

®)

K K
> w;siniog 8;)cos(iogy 5;) Y w,cos’ (i 5,)

il
T
)i| oW =

The solution of the system (8) is related to the estimation of the state vector Za and is the result of the

K
Zwl. cos(iag; 6;)
i=l

i=l

K

Zwﬁ :

=

K K K
C,= ZWia: ZWI-OK: sin(iw; ;) ZWia; cos(iwg; J;
i=1 i=1

i=1

identification of the parameters of the GSE movement in the linear acceleration meter. This solution can be found by
known methods of solving systems of linear algebraic equations and is a linear function relative to the measured

. s
readings «; :

K K K

A * A~ * ~ *

ay = § & o i Gc = § Qi Aocis A5 = 2 Ay - ©
i=1 i=1 i=1

The accuracy of estimates of the state and identification of the parameters of the GSE movement, calculated
according to (9), is determined by the following errors:

— methodical error of estimation of state vector of GSE according to the method of maximum credibility;

— the error of estimation of the state vector of the GSE, due to the transition from the nonlinear differential
equation (1) to the linear mathematical model of the movement of the GSE (2).

Let's consider the methodological error of estimating the state vector of the GSE by the method of maximum
likelihood. The maximum likelihood equation (3) includes the vector of the results of measurements of the trajectory

of the vehicle movement ¢ and the vector of values of the angle of deviation of the vehicle a(Za ,T), calculated

for the mathematical model (2) of the ideal movement trajectory of the vehicle based on the estimation 2(1 of the
state vector.
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If, according to [7]
a =a(Z,,T)+A,,

oa(Z,,T
0Z

a(Z,,T)~a(Z,,T)+ DA

Za ®
a

where A, = Za —Z, — is the estimation error of the GSE state vector, then on the basis of (3) we obtain:
AR (4,7, -A,)=0,
where
Az =(ARSA)" - ARA,,
and the correlation matrix of the estimation errors of the GSE state vector
Wze = E[Dz, - N7 1= (4R, 4,) (10)
Let's calculate the error of estimating the state of the GSE according to formula (10) taking into account
formulas (4), (5) and (7):
Yz =

i(w/., cos(iag 55))

Ma

Z Z Wi Z Z (W/f Sin(ia)ci 9 ))

1 i=

Zvvﬂ]sm(ja)u ;) Z[z w, sinio; 6, )j sin(jo; 0;) Z[i w; cos(iog; J; )j sin(jo; 6;)

i=1 j=1\i=l i=

i
T
<.
i
i

>~

11
e

K I:( 1; K
Z[Z wﬂ]cos(ja)c, 0;) Z[z w; sin(iog J; )J cos(jwe; 9;) Z[z w; cos(iog; 0, )j cos(jwe; 9;)
L=l j=1\i=l j=1\i=l ]

Let us consider the error of estimation of the state vector of the GSE, caused by the transition from the
nonlinear differential equation (1) to the linear mathematical model (2), for the case of correlated errors of the
measured trajectory of the GSE movement.

To determine this error, it is necessary to have a refined mathematical model of the movement of the GSE.

Such a model can be obtained on the basis of the differential equation (1) by substitution sin(a; ) = a; — aé,« /3!

[2, 6]. In this case, the refined mathematical model of the GSE movement has the form:
ay(t)=ay + g (1), o, =const,

3
L Ly e
Uyei (1) = Aygi € <ot Sin(@yc; 1+ Poci )+%9£ e sin3(@yc; t+ Py ) =

, Aoci .
R Oy SINW,t + Qg cosa)ot+1—°9¢é—sm3(a)0d L+ @y )~ , an

Ao

= Wy¢p t—lg_cos(a’ocf L+ @i ) - égcj tAoci Sin(woci I+ @y ).
where 4,.; ,¢,,; — are the amplitude and the initial phase of the precessional oscillations of the GSE in the
refined mathematical model, @,; = ®, (1 — Ay / 16), QAo = Ay COSPyci > Aos = Aoy SINQy; 5 o << @, , and
also only two terms in the expansion ¢; (f) in the Taylor series according to the parameters @,; and & in

the vicinity of the point (@,,0) are taken into account.

To determine the estimation error of the state vector of the GSE, due to the transition from the nonlinear
differential equation (1) to the linear mathematical model (2), we will use the maximum likelihood method. Let's
estimate the vector of errors

> - 7
Asr =2y =2y Z(Aaf ’AaC’AaS‘) >
where 20a = (&o 72 Qe s )T — is the estimate of the GSE state vector corresponding to the refined

mathematical model (11).

At the same time, we will use the probability equation
AR} (a(ia,T)— a, (Z T)) 0, (12)

0a>

where 0‘0(200,, T)= ( O(ZOQ, )y es ao(zoa,tK ))T — is the vector of values of the deviation angle of the GSE,

calculated for the model (11) based on the estimation 20a of the state vector, 4, = aZAL (aO(ZOa, T ))l —is the
O
matrix of partial derivatives for (11).

Considering that in real conditions of operation of the linear acceleration meter 4,; <2°~0,033dad,
Agcj /192 << A4y , the matrix
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1 1 1
Al ~ sin(@yc; 6;)  sin2ayg; 6;) .. sin(Kay; ;) |- (13)
cos(a)ocj 5;) cos(Za)OCj ;) .. cos(Ka)OC,« 5;)

In addition, the probability equation (12) is nonlinear with respect to the error in determining the frequency
of precessional oscillations A, =@, — @y - Therefore, we will perform its linearization by expanding into a

Taylor series a(Za,T ) the expression for excluding terms of the second and higher orders:

aao(zowwo:T),A +aao(Zoww0sT)'A
5 Za2

a(Z,,T)~ayZ
0 Z 00 O,

@y, T) +

Oa> "

As a result, for the mathematical model (2) we get:

aA(Z,,t,) = Ay + Gy Sin(@yg; 1) + Qg COS(@y; 1) + Ay + Ao sin(@ye; 1) +

. . (14)
+ A5 COs(@ygy 1) + A1 (G cOS(@y ¢y 1) + Ays SIN@y ¢y 1))
Substituting (11), (13) and (14) into (12), we get:
| | | Wi Wi Wik 2,,,1
Wy, Wy e W
sin(y; 6;)  sin2@y; 0;) .. sin(Kayg 0;) [x| x| T =0, (15)
cos(@,; 0;) €08QRay ;) .. cos(Kayy )| | T
o o o ki Wik o W] | Dk

where
Aw. = a(Za,ti )— a, (ZAOa,t,): Ay +A, sin(a)od i0,)+ A cos(a)od io;)—

%3 3
g . . Ay . . .
- —4—/11095 sin3(wyc; i8; + Poci )+ %6’ @y 18,5 COS(@y; 16, + Py ) +
+ Aoci gci i, Sin(a)ocj t+ (ﬁoci )+ Aoc[‘ A,id; Cos(a)oci i6; + (ﬁoci ).
The resulting probability equation (15) can be transformed into a system of three linear equations with
respect to the vector of errors in the estimation of the state of the GSE A, =(A; ,A,.,A )" and this system can
be written in matrix form:

By Ay =Cys (16)
where
rx K K ]
Zwl_ Zwl. sin(ioy; ;) ZW,- cos(imye; 0;)
i i o
B, = Zwl. Sin(iwoci ;) ZWI- Sinz(iwocj ;) Zwi sin(i@; 5ﬁ)cos(iwoci 0;) |5

i=l i=1

K K
. PR . 2.
W, co8(iy¢; 0;) Zw,. sin(iay; 0;)cos(imy; 0;) Zwl. cos” (imy; 0;)

i=1 i=1

T~

T
K K K

C, = |:z wiAi,i ZWiAz',i Sin(ia)oci 0;) ZWiAz',i Cos(ia’oci §a)i| >
i=1 i=1 i=1

M=

w. =

i

Ji 2
1

~.
Il

A o Ao . o
A= %‘;é sin3(@yq; i6; + Pogi )+ %61 @yj 16, COS(Dy; 10, + Py ) + a7
+ Ay $¢i 16, SI(@y g t+ Py ) + Aygy A 16, €08(@y gy 105 + Py )-
Expression (17) contains the constituent parts of the error of the estimation of the state vector of the GSE,
due to the transition from the nonlinear differential equation (1) to the linear mathematical model (2) and the error of
determining the frequency A, .

The solution of the system (16) relatively A, allows to determine the error of estimation of the constant

component of the GSE movement, which is due to the transition from the nonlinear differential equation (1) to the
linear mathematical model (2). This solution was found taking into account the correlation of the errors of the
measured trajectory of the GSE movement and is more accurate compared to other known solutions. The specified
solution is a combination of matrix B, and vector elements C, :

Ay = Bar1€a1 + Ba21€A2 + BA31€A3
a det(By)

, (18)
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where B, — are the algebraic terms of the elements of the b,; matrix B,, ¢, — are the elements of the
vector C, .

Taking into account relations (17) and (18), the expression for calculating the error A ; in general is a
nonlinear function that depends on the parameters of the GSE movement, the errors of measuring the angular
position of the GSE, and the parameters of the state estimation algorithm of this GSE:

y A -1
Aaf = f(AOCi a(p()Ci aRa 5 a)OCi 7Aw9§daK) .

Algorithmic error compensation is proposed to improve the accuracy of the estimation of the state of the GSE

and the accuracy of measurements of linear accelerations A, ;7 (Ukrainian patent for the invention UA 86005 C2

[8]). To do this, it is necessary to perform the following sequence of actions:
9,,K based on a priori

1. Preliminarily determine the initial values of the parameters R;l, Wi A,
information about the design properties of the linear acceleration meter and the properties of the evaluation

algorithm.

2. Obtain the results of measurements of the trajectory of the movement of GSE «, , i=1,K .
of

3. Calculate the estimate of the GSE state vector Z, =(&; ,d.. @) based on the system
and (9).
4. Calculate the estimation error A ; of the GSE state vector based on the system of equations (16) and (18).

equations (8)

At the same time, the values calculated in point 3 203M7¢303M can be used to obtain estimates &,.,&;:
aresin(dg / Aoz )s ac 20,

7 —arcsin(dg / Ayzps)s G <0.
5. Calculate the refined value of the constant component of the GSE motion ¢&;, and the corresponding

~ 2 ) A
Aoy =AQc+ag . do3m :{

value of the linear acceleration a :
ap =a; —Ay s a=kp o,
where ¢; is determined by formula (8) or (9), A ; — by formula (18), k;, — the proportionality factor
determined on the basis of data on the design of the linear acceleration meter.

Conclusions

An effective way to increase the accuracy of linear acceleration meters is to identify the movement
parameters of these meters based on algorithmic methods. The article solves the problem of identification based on
the maximum likelihood method, and theoretical estimates of identification errors are obtained. This makes it
possible to estimate the state vector and parameters of the GSE movement in the presence of correlated disturbances
of a deterministic and random nature.

The direction of further research can be the use of the obtained results for the construction of high-precision
navigation and gravimetric systems.
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