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Nowadays, there is still a need for the development of a high-precision vibration measurement system for
aircraft wings. By analyzing the wing vibration characteristics a lot of aviation studies could be conducted,
including the wing health monitoring, the fluttering phenomenon and so on. This paper presents preliminary results
of the research carried out toward building a promising system designed to measure vibration parameters of aircraft
wing. Comparing it with the existing analogue systems, the proposed system features the use of approaches that are
traditional for solving orientation and navigation problems for vibration measurements. The paper presents the
basic structure of the system, the fundamentals of its operation, the mathematical errors models of its main
components, the correction algorithms using optimal Kalman filter. Finally, the initial simulation results of system
operation are shown, demonstrating the expected accuracy characteristics of the system, which confirms its
effectiveness and the prospects of the chosen direction of research.

Keywords: aircraft wing, vibration measurement, Kalman filter, MEMS IMU, closed-loop optimal correction.
1. Introduction

Nowadays, due to the ever-increasing degree of complexity of aircraft design, production and operation,
the improvement of existing methods and the development of new ones for measuring vibration parameters of
aircraft mechanical structures, in particular, aircraft wing, is considered as an important field of research and
development. On the basis of vibration measurements a wide range of aviation problems is solved, including:
vibration diagnostics, passive and active vibration isolation, modal analysis, and so on [1-4]. Besides, it is
noteworthy that the use of structures made of thin-walled beams as the main structural components in modern
aircrafts has currently expanded significantly, which is practically associated with the emergence and spread of
fibrous composite materials. For example, there are new produced wings that provide a high strength-to-weight
ratio, better corrosion resistance and better fatigue life in comparison to the wings produced from traditional
materials. However, this comes with a cost, that is, such aircrafts tend to be very flexible, demonstrating, for
example, large wing deformations under normal operating loads, which significantly affect their aerodynamic
and strength characteristics. Therefore, the use of vibration parameters measurement system (VPMS) of the
wings becomes very necessary for wing health monitoring, even in-flight operation mode [5-8]. VPMS design
largely depends on the choice of vibration sensors. To measure aircraft wing vibrations, the following types of
sensors are often used: piezoelectric accelerometers, optical sensors and MEMS accelerometers [7-10]. The
main advantages of VPMS, built on the basis of piezoelectric accelerometers, include: sufficient accuracy,
resistance to vibrations, shock and high temperatures. Its disadvantages include: high cost and power
consumption, significant weight and dimensions, taking into ac-count the mounting and auxiliary devices,
which, for example, have especial negative effects during experimental studies of aircraft wing properties, since
in this case it is necessary to use a large number of sensors with relatively bulky charge amplifiers. In addition,
traditional mounting methods, beside the weight and dimensions of these sensors, negatively affect the
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frequency range of measurements, causing distortion of the frequency properties of the objects under study
(especially small-sized thin-walled ones), and make it difficult to use VPMS in the main operation modes of
aircraft. Distortions of signals also occur when measuring low-frequency accelerations, leading to significant
errors in integration to calculate vibration velocity and vibration displacement. VPMS, built on the basis of
optical sensors, has the following advantages: sufficient accuracy; non-contact nature, i.e. there is practically no
distortion of the true vibration shape of the objects under study; insensitivity to magnetic fields, electrostatic
interference and ionizing radiation. The disadvantages of such VPMS include: significant weight, dimensions,
power consumption, high cost, the possibility of false measurements when operating in conditions like high
dustiness, fog, intense ambient light, low temperatures, strong vibrations, which would complicate its use during
the in-flight mode. Moreover, the procedure for aligning the optical axes of the emitters and receivers of such
sensors during installation is very laborious, and the signal processing algorithms of such VPMS require the use
of very high-performance computers. VPMS, built on the basis of MEMS accelerometers, has the following
advantages: small weight, dimensions, cost, and power consumption; slight distortion of signals in low
frequency range; the possibility of using it for testing small-sized and thin-walled structures without significant
distortion of the true vibration shape, especially that these accelerometers offer the possibility of wireless
transmission of signal. The disadvantages of MEMS accelerometers include: relatively low accuracy and
significant instability of their characteristics. On the other hand, due to the rapid development of
micromechanical technology and the emergence of a new generation of sensors, in particular micromechanical
inertial measurement units (MEMS IMUs), which include integrated three-components micromechanical
gyroscopes and accelerometers, and sometimes other sensors like: magnetometer, temperature sensor,
barometer and so on, a new development and research direction has been opened based on the integration of
such MEMS sensors into measurement systems. The primary use of such MEMS IMU is to simultaneously
measure the projections of both apparent acceleration and absolute angular velocity in the associated with the
object coordinate system (ACS), and it has found a wide application in the field of navigation and motion
control. On the other hand, these MEMS IMUs can give a complete information about the movement parameters
of the measurement point of the mechanical structure under study. So, we suggest that on the basis of this
information it is easy to find the vibration characteristics of the mechanical structure under test. Unlike
piezoelectric accelerometer, even a cheap MEMS IMU operates without significant distortions at both high and
low frequencies and is characterized by small mass-dimensions characteristics, which allow its use with small-
sized structures without significant distortion of the true vibration shape of the object under study. Moreover,
MEMS IMU can sometimes be included in the information processing system wirelessly, which, in particular,
simplifies its installation. In addition, the new generation of MEMS IMU includes accelerometers and
gyroscopes with frequency responses more than 300 Hz and 700 Hz, respectively [11], which is very adequate
to measure wings vibrations [12, 13]. Nevertheless, MEMS IMUs are usually known for many disadvantages,
mainly their low accuracy and significant instability of their characteristics. In this regard, a large number of
research and development works are devoted to the issues of constructing errors models of MEMS IMU and
researching ways to reduce them, as well as to improve its calibration procedures. In addition, to eliminate the
indicated drawbacks of MEMS IMU, optimal Kalman estimation and correction algorithms, as well as the
technology of sensor data fusion technics, have been widely used [14-18]. Thus, in our case, it is proposed to
construct VPMS based on MEMS IMUs using the technology of sensor data fusion and optimal Kalman
estimation. Consequently, the proposed VPMS will predominantly have common features with the VPMS based
on MEMS accelerometers, as well as to some extent with the VPMS based on piezoelectric accelerometers, and
at the same time it will be able to overcome their main disadvantages noted earlier. The key advantages of the
proposed VPMS will be a sufficiently high accuracy, due to the use of complex optimal processing of data from
different sources, including MEMS IMU, the aircraft onboard navigation system (NS), as well as the
displacement sensor (DS) like strain gauge or fiber optic sensor [19], which will make it possible to evaluate
and correct the basic errors of the system as a whole. In addition, the system would provide other benefits such
as low cost and power consumption, small weight and dimensions, as well as the simplicity of equipping the
aircraft with a system of this type, thanks to the relatively simple installation of MEMS IMU at the measurement
point. Besides, the system is supposed to be able to work both in a stationary state of the object (in laboratory
and factory conditions), and during the operation of the object (including aecrodrome or in-flight operations). In
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this regard, it should be mentioned that most modern aircrafts have their own NS, and some promising aircrafts
are equipped with DS embedded into their main structural elements, for example, in the wings. In order to obtain
the previously mentioned advantages of the proposed system, the algorithms that determine the orientation and
navigation parameters based on low-accuracy MEMS IMU data should use correction signals from other
measurement transducers, in this case the DS and aircraft NS (see Fig.1). Besides, incorporation of optimal
Kalman filter (OKF) based on open-loop scheme [20] gives acceptable results only for a limited period of time
[21], after which a significant increase in estimation errors for a number of parameters arises. This is due to
many reasons, including the limited accuracy of the MEMS IMU error models and the orientation and
navigation channels which work based on them, as well as the DS, which becomes apparent especially sharply
with their large intrinsic errors arising from long-term operation. To solve this problem, it is advised to apply
the closed-loop correction technique of movement parameters [22]. In this case appropriate correction signals
are fed back at certain points of the system in order to prevent the growth of intrinsic errors of MEMS IMUs
and DS, and consequently of the orientation and navigation channels, and keep them at the levels that OKF
optimal estimation can afford. The correction signal is formed as a product of the measurement vector by
Kalman filter optimal gains matrix K (8.1). This method of generating correction signals significantly reduces
the required amount of calculations, because in this case there is no need to calculate error estimates. So, in this
work, rational approaches and methods of research and development of the proposed VPMS are selected, built
on the basis of fusion and processing the data of MEMS IMUs, DS and onboard NS using OKF. A variant of
the proposed system structure and components for the case of measuring the aircraft wing vibrations is proposed
and analyzed. The errors models of system components are developed. The main operation algorithms are
developed, including an optimal estimation algorithm of the errors and their corrections, as well as an algorithm
for calculating the main vibration parameters, including vibration displacement, vibration velocity and vibration
acceleration. At the end of this paper, the results of system simulation are presented, confirming the functionality
and perspectivity of the proposed VPMS in view of its capability to achieve acceptable accuracy characteristics
for vibration parameters measurement.

2. Methods and materials

The purpose of this work is to analyze the possibility and prospects of constructing a system for
measuring the vibrations of an aircraft wing, based on the use of MEMS IMU as its main vibrometer. In this
case, the object of research is the vibration parameters measurement system, and the subject is its structure,
components, operation algorithms and expected accuracy characteristics. To achieve this goal, an information-
measurement system is built essentially on the basis of inertial devices, beside the use of sensors for indirect
measurement of displacement. In this context, numerical and analytical methods of higher mathematics and
theoretical mechanics, methods of the theory of random processes and optimal estimation are used [18, 21,
24]. The MathCAD environment is used to carry out a simulation of system operation. The purpose of
modeling the operation of VPMS with permissible characteristics in conditions close to reality is to assess the
final expected accuracy of measuring the vibration parameters.

3. Wing vibration measurement system-basic structure

A basic structure and hardware components scheme of VPMS is shown in Fig.1, where R, is
geocentric radius vector of point O, measured by the NS; R,,; is the geocentric radius vector of point O,
position, measured based on MEMS IMU1 readings; R,,, is the geocentric radius vector of point O,,
measured based on MEMS IMU?2 readings; Ry ; is the vector characterizing the position of Oy relative to O;
Ry, is the vector characterizing the position of O, relative to O;, measured by DS; u is the vector of the

angular velocity of Earth's own rotation; XYZ is the right coordinate system associated with each MEMS IMU
and the NS (ACS), where the X axis is directed along its longitudinal axis, and the Z axis directed along the
right wing. For VPMS, the right Earth equatorial (Greenwich) coordinate system (ECS) was chosen as a
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measurement base coordinate system, with the origin in the center of the Earth (O ), whereas the unit vectors
are &n,¢ where & lies at the intersection of the equator and Greenwich meridian planes, ¢ is directed along

the axis of rotation of the Earth. As it could be seen from Fig.1, in order to measure the vibrations of aircraft
wing, one MEMS IMU unit is installed at its end (called here MEMS IMU?2), and a DS is cemented along the
wing, and another MEMS IMU unit (called here MEMS IMUI1) is installed on the base (the fuselage for
example) close to the start of the wing. In this case, VPMS contains tvo MEMS IMU units and DS, in addition
to the onboard NS as an additional source of information. In this way, the suggested VPMS implements data
fusion techniques based on the information provided by all these sensors (as sources of information). By
applying the optimal Kalman estimations, the system can accurately measure the wing vibration parameters.
It is worth mentioning that, when using the proposed VPMS in flight mode, it is advisable to make use of the
information offered by the onboard NS (as illustrated in Fig.1), whereas other sources of information about the
wing coordinates can be used when conducting ground tests. This structure gives the proposed VPMS another
important advantage, that is its flexibility in introducing additional points when it is intended to measure the
vibrations of much more complex structures, as in the case of an aircraft wing with a variable sweep. To do
this, an additional MEMS IMU unit needs to be installed at each of the new measurement points, beside its
own DS. Notice also that, traditional NSs form their output parameters vectors with a limited frequency.
Consequently, the direct use of NS for adequate measurement of aircraft vibration parameters is possible, and
even preferrable because of its high accuracy, only in a limited frequency range (up to 10 Hz). In such cases,
MEMS IMUI can be excluded, and the NS is directly used instead.
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Fig.1. A variant of basic structure and hardware components scheme for VPMS based on MEMS IMUs.
4. Basic inertial navigation algorithm

The algorithm of determining orientation and navigation parameters is implemented in ECS. The
corresponding equations have the following form in vector-matrix representation [23]:
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A=0,5M, A,

cos(upt)  sin(uyt) 0
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where the index o indicates that the corresponding vector is presented by its projections on the ACS axes,
whereas without the index means it is presented on the ECS axes; A4, is the orientation matrix of ECS relative
to ACS; R is the geocentric radius-vector of the measurement point (to which MEMS IMU is bonded); U is its
relative velocity vector; U is its relative acceleration vector; m,,m, are apparent acceleration vector and

absolute angular velocity vector of MEMS IMU (or measurement point) as projections on ACS axes, measured
by the accelerometers unit (AU) and gyroscopes unit (GU), respectively; Ay,A;,A,,A; are Rodrigues-Hamilton

parameters [24], A= [ko,kl,kZ,M]T , A= [kl,kz,M]T; gy 1s the vector of gravitational acceleration at the

measurement point (to which MEMS IMU is bonded), it is normal to the Earth surface at the considered point;
E is the unit matrix; ¢ is time; u, is the module of u; K, is the skew-symmetric matrix composed of 4

elements; M 0o is the skew-symmetric (quaternionic) 4x4 matrix composed of @, projections.

5. Mathematical errors model of the orientation and navigation parameters channel

The mathematical errors model of the orientation and navigation parameters channel used in the VPMS
algorithm is obtained by applying the method of variation to the ideal operation algorithm [20]:

0=—-ux0-Ay g (Awsys +Aw,, + Ao, .+ Ak 00),

stoc

8U =—-2uxdU + Ay (Ang +An,, +Ang,, + Ak ,np) +

2
—0x(Ap png)— oy (BR—3(8R - 1) 1), 5.0)
SR=8U, Ady, =0, Any =0, Ay, =—n,A0,, +C,U .

Ao ==, Ang, +o,u,, Ak, =0, Ak, =0

stoc stoc

where 30X represents the error of the corresponding quantity X ; € is the vector of small rotations
characterizing the inclination of ECS calculated position relative to its true position; Aw,, , An, are vectors
of systematic errors components of AU and GU, respectively; Aw An,, are vectors of their random
An_, . are vectors of their random (stochastic) autocorrelated
components, which are first order stationary random processes with correlation functions of the form

wn > wn

components in the form of white noise; Aw

stoc ® stoc
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K(7) =(52e_“M , where 7 is the variance of the corresponding error, W is the damping coefficient of the
correlation function, t is the correlation time; u,,p,,.6,,06, are matrices of damping coefficients and

standard deviations of the corresponding random processes; u,, are column vectors of unit intensity shaped

and centered white noises of gyroscopes and accelerometers; Ak, ,Ak,, are matrices of scale factors errors

O
and deviations of measurement axes for AU and GU, respectively; 1, = R(R - R)™"? is the vector of geocentric
vertical; ®, is the natural frequency of an inertial system when an object moves in the vicinity of the Earth
surface, usually called Schuler’s frequency [25].

6. Mathematical errors model of the displacement sensor

By analogy with the AU and GU, the mathematical errors model of DS can be expressed in the form
of systematic and random errors components, as well as scale factor errors:

R pso = AR g + AR pgypy + AR pgoye + AR pR g,

(6.1)

Al{DSsys = 0’ AllDSsz‘oc = _HDSARDSstoc + GDS“jDS’ AkDS =0

where ARy, is the vector of DS systematic errors components; AR, is the vector of its random

components in the form of white noise; AR, is the vector of its stochastic autocorrelated components,
which is a first order stationary random process with correlation function of the form K(7); ppg, 655 are
matrices of damping coefficients and standard deviations of the corresponding random processes; u ;g are
column vectors of unit intensity shaped and centered white noises of DS; Ak, is the matrix of scale factors
errors and deviations of measurement axes for DS.

As for the case of MEMS IMUI, we consider dR;g, =OR ISsys systematic error of the data related to

the previously measured Ry ; and stored in some information source (IS). So, SR Issys =0

7. Kalman filter for open loop correction of VPMS

To achieve acceptable accuracy in measuring vibration parameters we apply OKF estimations and
corrections for the orientation and navigation channels (for MEMS IMU1 and MEMS IMU?2), as well as for
DS. Based on the combined mathematical error model of DS and MEMS IMU?2, we can derive the state vector
for MEMS IMU2 as follows:

8X =(6,0,.0¢,8U;,8U,,8U; 8RR 1, 8R ¢, A, (1, Ay ( A®, (AN,
Al/ly sys’AnZ sys’wa stoc’Awy Stoc’A('oz StOC’AnX Stoc’Any stoc’Anz stoc »
oky”,0ky", 8k;", 8k}, 0k, k3", 05, ,05,,07, ,07, .07, .0, ,05,,0;,,0;, (7.1)

8RDS X sys’SRDS y sys’SRDS z sys’SRDS X stocﬂSRDS y stoc’SRDS z stoc?

T
DS DS DS DS DS DS DS DS DS
3k%,8kDS,8k%, 007,027, 00%,00,005,00°) .
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where 8k3%P S are the scale factor errors of AU, GU and DS, respectively; O}, ..y are small deviations

,DS

angles of the measurement axes of AU; Oy 2 1 -y

are small deviations angles of the measurement axes

of GU and DS, respectively.
By applying the same approach to MEMS IMUI1 the state vector will be in the following form:

8X =(6,0,.0¢,8U;,8U,,8U; ,0R¢,0R 1. 8R ¢, A, 0, Ay ( A®, (AN

X SyS? 'y sys> Z sys> X sys»
Any sys’Anz sys’wa stoc’Awy stoc=A(Dz stocaAnx stoc=Any stoc7Anz stoc
7.2)
S® s® SO sn sn SN O [0} ® ® [0) ® n n n ( :
8k5®, 3k, 8k5”, 8k, 8k, 8kS", 00, ,0%,,0%,,0,,0%,,0%,07, 65 68,

T
8RIS X sysﬂSRIS y sys’SRlS z sys) :

The measurement vector z for MEMS IMU?2 is obtained by comparing the vector R,,, (see. Fig.l),

calculated according to the measurements of MEMS IMU2, and the same vector calculated according to the
readings of DS and NS by vectorial operations using Ry, Ry ,, Ry, taking into account their corrected values.

The same applies to MEMS IMUI considering R, ;, Ry, Ry ;, s0:2=0R;;, — Ap,pns (ORpgo + R ;50) — R g
for MEMS IMU2, and z=0R,,; — Ay, pnsOR;50 — OR g for MEMS IMUI.
Therefore, the system of dynamic and measurement equations could be written as follows:

X = F8X + Gw,
(7.3)
z=HoX+v

where F is the dynamic matrix; G is the system noise matrix; w is the system noise vector; v is the
measurement noise vector; H is the measurement matrix.
In the discrete form, the OKF algorithm for open loop scheme looks as follows:

T T
Sy =P PP, + 10,1,

-1
(7.4)
P =(E-K.H,)S,,

i

(FT

il

N
where & = Z — discrete form of F'; T — calculation step; N — a positive number chosen based on the
i=0

i

S (FT)
z — GT — discrete form of G ; Q;, =Q /T — discrete form of
= i(i+1)

required discretization accuracy; I’ =

system noise dispersion matrix Q ; L; =L /T — discrete form of measurement noise dispersion matrix L ;
P — state covariance matrix; K — gain matrix of Kalman filter.
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Considering that the elements of matrices @, L are not correlated, then these matrices are for MEMS
IMU?2 diagonals of the form:

Q = diag {Gimx wn Gimy wn Gimz wn Gin‘( wn Giny wn GinZ wn 1 1 1 ] 1 1 1 1 1} ’
(7.5)

2 2 2
L= dlag {GARx DSwn GARy DSwn GARZ DSwn }’

and for MEMS IMUI1 of the form:

g 2 2 2 2 2 2 .
Q = dlag {GA(JJX o GA GA(D GAn GAl’ly o GA}’IZ o 1 1 1 1 1 ]} N

0‘)_}/ wn Z wn X wn

(7.6)

7 2 2 2
L= dlag{GARx Vwn GARy VSwn GARZ Vwn }’

where Gy, vz © — RMS of random error components of gyroscopes, accelerometers

(0)
Any vz wn’ AR, v,z DSwn

and DS described as white noise; Opp

X, v,z Vwn
in the case of MEMS IMUI1 (as the IS does not have any white noise).

In this case, it is rational for MEMS IMU2 to choose the initial vector of estimates to be zero, and the
initial state covariance matrix to be in the form:

— RMS of small artificially generated virtual white noises [21]

7 2 2 2 2 2 2 2 2 2
= dzag{ceé »00,-00, > 05U »O5U,, - Odu, »OR; »OR,, - OBk »
2 2 2 2 2 02
Ay gys 2 T ADY gyg 7T Wy gy 2 T ANy g2 T ANy gug AN, gug?
2 2 2 2 02 62
Ay stoc >~ ADy stoc > T AW, gtoc T Ally gtoe T Ay gtoc ANy g0 ?
2 2 2 2 2 2
(6] 0. »,0 6: ,,065 .,065 ., (7.7)

ke’ Sk(}? kL 8ky Skg 32

2 2 2 2 2 2 2 2 2
(& (&) (& 9 (& &) (o 9 (&
A I MR

2 2 2 2 2 2 2 2 2
OBR, Ds sys* O3Ry 15 sys > O8R;, Ds sys ? ORy o e O3Ry DS stoe ? O3R: DS stoc ’051(?5 ,Gak?s ’GSkZDS’

2

2 2 2 2 2
(¢ (¢ (¢ (¢ (¢ (¢
oD5»Oops > Tgs» Ogps - Ogps »Tgps }-

and for MEMS IMUI to be in the form:
. 2 2 2 22 2 2 2 2 2
P, =diag {Geg »00, 06, »O5U - O5U,, > 05U »O8R; »OdR, 2 OR . >

2 2 2 2 2 02
Ay sys’ A‘Dy sys Oz sys? Any sys’ Any sys’ An, sys’

2 2 2 2 2 2

Awy stoc’ GAmy stoc ’ GA(DZ stoc ’ GAnx stoc GAny stoc ’ GAnZ stoc ’

2 2 2 2 2 2 (7.8)
() 9 9 (o] () (o]

ke’ 5k§,° S Skg > oKD’

2 2 2 2 2 2 2 2 2

(&) (¢ (&) (¢ (¢ (&) (¢ (¢ (&)
@gl()y b Og)z b @?X b @(;l)z b @‘2;( b @(Zj)y b O;ly b (_)lgx b Ogy b

2 2 2
GBRX IS sys ’GaRy IS sys ’GBRZ IS sys}



M.S. Maamo, A.A. Afonin and A.S. Sulakov 151

where O . * O8Uz s » OdRe e ~ RMS of initial alignment errors by orientation parameters, relative velocity

— RMS of systematic
RMS

and positioning, respectively; Gagpyy, sys> CAnxyzsys> Osr, 0.2 DS sys° Osr, 02 1S sys

errors realization for the gyroscopes, accelerometers, DS and IS, respectively; Gagyy, stocs Canx,y.z stoc —

of gyroscopes and accelerometers random errors, respectively; 6., ,0., ,O.ps — RMS of
Oy y, 2 Oky y, 2 3kyxy, 2
gyroscopes,  accelerometers and DS  scaling factors errors  realization,  respectively;
6) o , O on , O oDs — RMS of gyroscopes, accelerometers and DS measurement
Xy, XZ, yX, ¥z, ZX, Zy Xy, ZX, 2y Xy, Xz, yX, Yz, ZX, Zy

axes deviations errors realization, respectively.
For the open loop correction [20], the estimates of main system errors are formed using OKF estimates
for the most general case of MEMS IMU?2 as follows:

Wo =Wp — (Awsys + Awstoc + Aksooa)OC )s

ﬁO =nhoc — (Aﬁsys + Aﬁstoc + AksnnOC )’
(7.9)

Ryo =Ryoc - (AﬁDs,sys + AR pgoc + Ak s Rico)),

stoc

+0x (Agig) + ) (3R - 3(3R I ) I )

where X is the estimate of X, obtained by OKF; the index ¢ indicates that the corresponding vector is
calculated; K is the skew-symmetric matrix composed by the elements of 0 ; E — unit matrix.

For MEMS IMUI1 we need to eliminate AﬁDsstoc, AIEDS, and replace AﬁDSSys by SIA{]SW .

8. Closed-loop optimal correction algorithm of VPMS

As we have already mentioned, the open loop scheme gives an acceptable result only for a limited
period of time [21]. To overcome this problem it is advisable to use closed-loop optimal correction, where a
feedback correction signal is formulated as a product of the measurement vector by Kalman filter optimal gains
matrix ( K ). In this case, the operation algorithm in the case of MEMS IMU2 can be formulated in the form

of (8.1), where z=R—(Ryc+Appnc(Rir0c + Rijoe — MDSsys — AR g0 — Mk pg Ry 500)) s the

measurement vector for the most general case MEMS IMU2. Moreover, the symbol R is used in (8.1) in order
to keep the generality of (4.1) and (5.1). On the other hand, when it is difficult or impossible to implement the
“closure” using correction signals for some parameters in the system under consideration, due to many physical
or technical reasons, it is possible to realize it using the estimates of these parameters. In such case, the
correction scheme is sometimes called mixed closed — open correction:

A=0,5M

A A n T 0-2 A
(%) _Awsys —Avg5c— Ak 500 +AO/E K= >Z) ’

(8.1)
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cos(upt) sin(uyt) 0
Aoy =| —sin(uyt) cos(ugt) 0 | [ (225 ~1)E+2[ 2" |20, K, .
0 0 1

U=-2uxU+ Ay (”0 —Ang, —An Aksnno)ﬂrgN — K77,

stoc
R=U- K<6_8>Z, Ad)sys — K<9—11>Z, Ahsys — K<12_14>Z,

N _ A <15-17> A _ N <18-20>
Awstoc - _”mAwstoc +K z, Anstoc - _unAnstoc +K z,

Skyy= K272, Bk, = K", (cont.Eq.8.1)

N
(Z)m =K<27—32>z, (:)n =K<33_35>z,

ARDSsys =K<y, ARDSS[DC = _HDSARDSstoc + K<,
SkDS _ K<42_44>z, (:)DS _ K<45—50>z,

z2=R—(Ryc + Ao pne (Rg 200 + Ry 106 — ARDSSys — AR g0 — Mk ps Ry 50¢))

where Ry, Ay, pvc — calculated by the high-precision onboard NS; index <™/ shows that the rows from the

i" to the ;™ in the matrix K are used; X denotes an estimate of the error of the corresponding calculated
quantity X; Ryg;0.= (Rg IOC—SR[SSyS) — calculated Ry after the estimate correction using OKF
corresponded to MEMS IMUI. For the case of MEMS IMUI, the operation algorithm is constructed by
analogy with (8.1), but SR,SWS is used instead of AR pssys» and the equations of estimates after it are

eliminated, and the equation for the formation of the measurement vector in this case has the form of
2= R—(Ryc + Ap pne (Ry joc — ORys)). By using Agpy,; (7.9) which is the estimated value of Ay, for

MEMS IMUI, as well as the corrected R, U, U for MEMS IMU1 and MEMS IMU?2, it is easy to calculate

the required vibration parameters (vibration displacement, vibration velocity and vibration acceleration) in
ACS using the following equations:

2 ~T
R0 = A6/eMm1 (RM2C —Ryic ),

5 ~T

Uizo = Ao/em 1(Unmac —Unmic)s (8.2)

> AT . .
Uxzo = Ao/em1(Unne —Upmic)-



M.S. Maamo, A.A. Afonin and A.S. Sulakov 153

8. Simulation results

The simulation of the proposed VPMS model was performed in order to make an assessment of the
expected accuracy characteristics of the system. The case study considered an aircraft parked while the engines
and onboard equipment are turned on, which in turn causes the generation of random and harmonic linear and
angular vibrations of the aircraft wing, whose amplitudes are in the orders of 0.065m and 3.5°, respectively.

~———RMIS estimates on X
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=.=. s RMS estimates on Z
e Errors on X

Errors on ¥

Errors on Z
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g
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Fig.2. The residual errors when determining vibration displacement projections, and their RMS estimates in ACS.
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Fig.3. The residual errors when determining vibration velocity projections, and their RMS estimates in ACS.

The systematic errors of AU and GU and their standard deviations of the random components are

selected at the order of 0.3°/ h, 0.001 m/s°, respectively, whereas the systematic errors of the onboard NS
by coordinates and velocity were 20m and 0.1 m /s . The DS errors, the systematic components and the RMS
of random components, are 0.02m . The initial alignment errors regarding the orientation and navigation
parameters of both MEMS IMU1, 2 are 107 rad , 10m , 0.05m /s . The distance from NS to MEMS IMUI1 is
1.1m, and to MEMS IMU?2 is 9.6 m . Figures 2 to 5 show the simulation results, from which it can be seen
that for the proposed VPMS, the results of estimating the expected accuracy turned out to be quite acceptable,
since over a time interval of 200-250 s , the residual errors of vibration displacement and vibration velocity are
settled down at levels of the order of 0.016-0.018 m and 0.002-0.005m / s, respectively.
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In addition, it was possible to estimate the systematic errors components of vertical accelerometer and

horizontal gyroscopes with a high degree of accuracy at the level of 0.0003 —0.0004m / s” and 0.06 —0.08°/ h,

respectively. At the same time, in this case, the errors of horizontal accelerometers and vertical gyroscope are
practically not estimated.
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Fig.5. The estimates of systematic error components of gyroscopes, and their RMS estimates in ACS.

9. Discussion

The above system simulation results show that by using the proposed technique of "closing" the
scheme of OKF incorporation wherever available, it is possible to provide continuous correction of VPMS
orientation and navigation channels in such a way that their final errors remain at small values for a long time,
i.e. following the used basic linear error mathematical models. Consequently, this will effectively overcome
the main drawback of MEMS IMU, namely its significant inherent errors and high instability of its
characteristics, which usually lead to rapid growth of orientation and navigation channels errors, even for a
short period of time, and the errors can then strongly deviate from the corresponding error models. That is why
in this case the traditional open-loop correction scheme of OKF incorporation may be ineffective, especially
for solving vibration measurement problems. The simulation results also show a poor estimation of horizontal
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accelerometers and vertical gyroscope errors, which could be explained by the fact that the aircraft is in a
stationary mode relative to the Earth, when the movements of MEMS IMU?2 are limited by the vibrations of
the wing tip only. It is assumed that, for example, in a more general case, with dynamic movement of the
aircraft, the corresponding estimates could get significantly better.

10. Conclusion

It is shown in this work that, based on the use of MEMS IMU, optimal Kalman estimation algorithms,
and a closed-loop optimal correction, a promising VPMS of aircraft wing can be constructed. The proposed
system will have many advantages over the existing analogue systems, including among other things
simplicity, acceptable degree of accuracy, low cost, low weight. Moreover, the system structure allows
expanding its functionality relatively simply by increasing the required number of measurement points. In
addition, it is assumed that the system can be used not only in ground conditions, but also in the in-flight
operation mode. The initial results obtained from simulation confirm the operability and acceptable accuracy
of the system in the case of a stationary operation mode of the aircraft. At the subsequent stages of research, it
is intended to simulate the operation of the proposed VPMS for in-flight and maneuvering flight cases under
conditions of significant overloads and high vibrations. Finally, it is expected that the proposed method for
measuring the vibration parameters of aircraft structural elements, particularly in difficult flight conditions,
would be in demand and useful, for example, for monitoring the state of aircraft structural elements, predicting
the appearance and development of their defects throughout their entire operation cycle.
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Nomenclature

Ay — orientation matrix of ECS relative to ACS
ACS - right coordinate system associated with MEMS IMU
AU - accelerometers unit
DS - displacement sensor
E —unit matrix
ECS -right Earth equatorial (Greenwich) coordinate system
gy — vector of normal gravitational acceleration
GU - gyroscopes unit

K —Kalman filter optimal gains matrix

K(t) - correlation function

K; - skew-symmetric matrix composed of 4= [Xl,kz,k3]T elements

M, -—skew-symmetric (quaternionic) 4x4 matrix composed of e projections

MEMS IMU - microelectromechanical inertial measurement unit
NS - navigation system

n, — apparent acceleration vector

R - geocentric radius vector
RMS - root mean square

u —vector of the angular velocity of Earth's own rotation
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U - velocity
U - acceleration

VPMS - vibration parameters measurement system
z —measurement vector

0 — vector of small rotations characterizing the inclination of ECS calculated position relative to its
true position

Akpg  — matrix of scale factors errors and deviations of measurement axes for DS
Ak, —matrix of scale factors errors and deviations of measurement axes for AU
Ak, —matrix of scale factors errors and deviations of measurement axes for GU

An,, — vector of random components of AU errors in the form of white noise

Ang,. —vector of random (stochastic) autocorrelated components of AU errors
Ang,. — vector of systematic errors components of AU
ARpgoc — vector of random (stochastic) autocorrelated components of DS

AR, — vector of DS systematic errors components

ARpg,., — vector of random errors component of DS errors in the form of white noise
Awg,. — vector of random (stochastic) autocorrelated components of GU errors
Aoy, — vector of systematic errors components of GU

Aw,, —vector of random components of GU errors in the form of white noise

A=[hg, M, hp 031" = vector of Rodrigues-Hamilton parameters

A, 6 - errors

o’ — variance of the corresponding error

p  — damping coefficient of the correlation function

T — correlation time

o, — absolute angular velocity vector
@y — Schuler’s frequency

1, —vector of geocentric vertical
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