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Abstract—The non-collinear measurement devices based on the inertial triaxial devices, and structural
units such as the triangular, and quadrangular polyhedrons are presented. The corresponding matrices of
guide cosines are obtained. In contrast to the known non-collinear measurement devices, the
measurements of all sensors that are part of the triaxial devices are taken into account. A description of
the relative position of the measurement axes of the individual sensors in the proposed measurement
devices is given. Theoretical estimation of non-collinear measurement devices of MEMS-sensors on the
basis of uniaxial and triaxial angular velocity meters using correlation matrices of measurement errors is
obtained. The obtained results are useful because they are aimed at providing high-precision and reliable
measurements that is important for unmanned aerial vehicles, which are currently widely used in Ukraine.

Index Terms—Cosine guides; inertial sensor; non-collinear measurement device; measurement error;

precision.
I.  INTRODUCTION

Today, sensors based on microelectromechanical
systems (MEMS sensors) are widely applied in the
fields of navigation and motion control. Among
these destinations, it is worth mentioning the control
units of unmanned aerial vehicles and missiles
designed to launch small artificial satellites into
orbit. It should be noted that features of these
applications are high requirements for precision and
reliability of measurements. Given the use of
modern MEMS sensors, ensuring these requirements
requires additional measures.

Improving the reliability and precision of
measurements can be provided through redundancy.
It is known that it is possible to reserve both sensors
of kinematic parameters (angular velocities,
accelerations) of a moving object, and measurement
bases. In the first situation, a triaxial orthogonal
coordinate system is applied and the measurement
axes of the sensors are oriented along the axes of
this system. With this approach, the failure of two
sensors can lead to the failure of the navigation
system as a whole. The redundancy of measurement
bases is based on the orientation of the measurement
axes of the sensors along axes of a geometric shape.

The use of non-collinear measurement devices to
increase the reliability and precision of measurements
has a history [1]. Detailed descriptions of such
measurement devices are contained in [2], [3]. The
use of non-collinear redundant measurement devices
of inertial navigation information meters based on
MEMS sensors has some advantages. First, such

measurement devices reduce the zero offset. It should
be noted that the presence of zero offset is one of the
important problems of functioning modern MEMS
sensors. Therefore, the use of non-collinear redundant
measurement devices increases the precision of
navigation information measurements. Secondly, the
reliability of measurements is significantly increased
due to redundancy. Third, in this measurement device
it is possible to place more sensors within the
structural unit with the same dimensions. This
advantage is useful even with the miniaturization of
modern inertial sensors. An additional advantage is
the ability to increase the fault tolerance of navigation
systems. The urgency of work in this direction is due
to the need to ensure high precision and reliability of
navigation data in the motion control systems of
unmanned moving objects.

II. ANALYSIS OF LITERATURE AND PROBLEM
STATEMENT

Due to the recent development of unmanned
aerial vehicles, the use of excessive, including non-
collinear measurement devices of inertial sensors,
has received considerable attention. Thus, in modern
scientific periodicals it is noted that the use of
excessive fault-tolerant inertial measurement units
leads to a significant improvement in the precision
and reliability of navigation measurements [4].
Accordingly, such measurement devices can be used
to create inertial navigation systems, as presented in
[5]. In unmanned aerial vehicles, it is advisable to
apply inertial measurement units based on non-
collinear measurement devices and this is justified in
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[6]. Non-collinear redundant measurement devices
of one-axis inertial sensors are presented in [7].
Theoretical assessment of precision and the
corresponding comparative analysis of different non-
collinear measurement devices are given in [8]. In
the above-mentioned works, non-collinear devices
include based on one-axis sensors [4] — [6], or on
equally oriented inertial measurement units [7], [8].
Non-collinear measurement devices based on triaxial
inertial measurement units with full use of
measurement redundancy require further study. The
problem of improving navigation precision is
especially important for the control of unmanned
moving objects, such as unmanned aerial vehicles,
as justified in [9]. Possibilities of application of
excessive measurement devices in fault-tolerant
navigation systems are investigated in [10]. Using
the redundancy of inertial meters (accelerometers), it
is even possible to determine the spatial orientation
of a moving object without the use of high-speed
rate gyros, as it is represented in [11]. Sometimes
redundant measurement data arises in accordance
with the principle of operating the navigation meter.
This situation occurs in the Coriolis vibration
gyroscope [12]. But it is usually necessary to form
excessive measurement devices of inertial sensors.
In general, works [9], [11], [12] confirm the fact of
the relevance of the use of redundancy of navigation
measurements in the motion control systems of
unmanned moving objects. The non-collinear
measurement device of single triaxial MEMS
sensors based on a triangular polyhedron is given in
[13]. Approaches to the formation of such
measurement devices on the basis of triangular and
quadrangular polyhedrons and inertial measurement
blocks are given in [14]. Thus, the study of issues
related to the assessment of the possibility of using
non-collinear redundant measurement devices for
navigation applications, and the development of
more reliable and accurate measures of primary
navigation information should be considered
promising. Improving the precision of inertial
measurement units is of both scientific and practical
importance due to their widespread use in unmanned
aerial vehicle navigation facilities.

The objective of the researching is to estimate the
precision of non-collinear measurement device
based on both uniaxial inertial sensors and triaxial
inertial measurement units using triangular and
quadrangular polyhedrons as structural elements
achieving the goal requires solving the following
tasks interconnected problems:

e to research the measurement devices of
MEMS sensors based on uniaxial inertial meters;- to
present the results of research of non-collinear
measurement device of MEMS-sensors on the basis

of triaxial inertial measurement blocks using
triangular and quadrangular polyhedra as structural
units and to determine guide cosines for designed
non-collinear measurement devices including
inertial sensors;

e to describe the peculiarities of researching the
precision of measurement the angular motion of the
object using non-collinear excessive inertial meters;

e to perform theoretical and experimental
evaluations of non-collinear measurement devices
including MEMS sensors.

III. FEATURES OF NON-COLLINEAR INERTIAL
MEASUREMENT DEVICES

There are several ways to create non-collinear
measurement  devices based on  excessive
measurement bases [2], [3]:

1) the use of the cone as a figure of geometric
shape and the direction of the measurement axes of
the MEMS sensors on the generators of the cone, as
it is given in Fig. la;

2) the usage of the cone as a geometric shape
which provides symmetry and the orientation of the
measurement axes of the MEMS sensors on the
generators of the cone and the symmetry axes in
accordance with Fig. 1b;

3) the orientation of the measurement axes of the
sensors perpendicular to the sides of the polyhedra
in accordance with Figs 1c and d.

One of the main characteristics of non-collinear
measurement devices of inertial sensors is the matrix
of guide cosines. The angular velocity projections of
a moving object on the axis of the navigation
coordinate system can be indicated by ., ®,, ..

The number of angular velocity projections on
the axis of the measurement coordinate system is
defined by the quantity of sensors in the device. The
projections for a measurement device consisting of
six sensors d; — dg can be denoted accordingly.

a)

Fig. 1. Non-collinear measurement devices: (a) is along
the cone-forming; (b) is along the axis of symmetry and
forming a cone; (c) is perpendicular to the sides of the
tetrahedron; (d) is perpendicular to the sides of the
dodecahedron
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Fig. 1. Ending. (See also p. 70)

Guidance cosine matrices are needed to
transform navigation information when determining
the spatial orientation of a moving object. Therefore,
the analysis of different non-collinear redundant
measurement devices of MEMS sensors should
include consideration of guide cosine matrices

IV. GUIDE COSINES

To determine the navigation information using
non-collinear inertial meters, it is necessary to
determine the navigation coordinate system xyz and
the corresponding measurement coordinate systems.
Typically, the axes of the navigation coordinate
system along which the projections of the angular
velocity with regard to the longitudinal, normal, and

lateral axes of the aircraft are measured, are
determined as follows. The y-axis is directed along
the axis of symmetry of the polyhedron and is
directed upwards. The x, z axes of the navigation
coordinate system coincide with the corresponding
axes of the inertial measurement device developed
with using such a geometrical figure as the
polyhedron.

The orientation of the measurement axes is
opposite to each other in order to increase the
reliability of navigational information. These
orientations are defined so that the angles between
the axes are the largest. This reduces the zero offset
when obtaining the angular rate projections onto
navigation axes. The relative location of the axes of
the measurement coordinate systems for individual
inertial measurement blocks for such a structural
unit as a triangular polyhedron is shown in Fig. 2.

Fig. 2. Location of measurement axes on sides of the
triangular polyhedron: (a) is the view of axes xg, x1, X2, X3
from front; (b) is the view of axes yy, y1, 12, y3 from front;

(c) is the view of axes z, zj, z, z3 from front; (d) is the
view of axes x, x1, X, x3 from above; (e) is the view of
axes yo, V1, ¥2, y3 from above;

(f) is the view of axes zy, z1, 2, z; from above



72 ISSN 1990-5548 Electronics and Control Systems 2021. N1(67): 69-77

There are two ways to determine the matrices of
the guide cosines. The first method is to determine
the projections of a single vector based on geometric
transformations. The second method is to determine
the guide cosines between the navigation coordinate
system and the measurement coordinate systems
based on successive rotations at certain angle. The
first method is based on fewer conversions and
calculations, accordingly. The advantage of the
second method is clarity. The additional
complication of the operations of the second method
is decreased by the automating the calculations using
the MatLab system.

Based on the basic laws of analytical mechanics,
the expressions for determining the guide cosines of
the non-collinear measurement device on the basis
of such a structural block as a triangular polyhedron
are as follows

BI = MX’
B3 :MYZMZMY’

B2 = MYIMZMY’

B4 :MY3MZMY’ (2)

where B,, B,, B,, B, are appropriate matrices of
guide cosines between the axes of the navigation
coordinate system and the axes of the coordinate
system of the inertial meter. The matrix M, defines
axes of the inertial measurement device for such a
geometry figure as a triangular polyhedron. The
matrix M, characterizes the inclination of the
measurement axes of inertial measurement blocks
situated on the sides of the polyhedron in the
horizontal reference frame. Matrices M M

M,, inertial
measurement device with regard to the previous
axes. The matrix M, defines axes of inertial

Y1 Y2»

define the location of axes of

sensors situated on lateral sides relatively medians at

the slope of 120.0°. For a triangular polyhedron, the
angle between the base and the side is 70.5°. The
matrices that are parts of expression (1) can be
written in this representation

1 0 0 cosd, 0 -sing,
M, =|0 cosa sina|,M,=| 0 1 0 |
0 —sina cosa sind, 0 cos§,
cosd, 0 -—sin§, cosp —sinff 0
M,=| 0 1 0 |, M,=|sinf} cosP O
sind, 0 cos9, 0 0 1
@)

where i =1,2,3; o= 180°; 8,=120°; 8, =0°; 8,=120°;
83 =240° B=70.5°% o is determined for the base of
the polyhedron; o; determine angles of turn of lateral
sides; 0y determines a slope of normal axes to the
sides; [ is the angle of the side slope.

Substituting the matrices (2) into expression (1),
you can determine the relative position of the
navigation and measurement coordinate systems.
The table of guide cosines between the navigation
coordinate system and the coordinate measurement
systems of inertial blocks situated on the sides of the
triangular polyhedron takes the form presented in
Table I.

The position of the axes of the measurement
systems of the coordinates of individual inertial
measurement devices for such a structural element
as a quadrangular polyhedron is presented in Fig. 3.

The guide cosines of a non-collinear
measurement device based on a quadrangular
polyhedron can be obtained as described above,
taking into account that the tilt between the basis and
a side equals 54.74°.

TABLE . TABLE OF GUIDE COSINES FOR A MEASUREMENT DEVICE USING A TRIANGULAR POLYHEDRON
AS A STRUCTURAL UNIT
Projection Oy o, o,
o=, 1 0 0
€ =0 0 cosy —sin y
=0 0 sin y cos 'y
—sin §, sin, + ) sin §, cos §, cos B+
C, =0, —sinfcos J, .
cos §, cos d, cos 3 sin J, cos J,
Cs =0y, sin Bcos §, cosfB sin §, sin B
—sin §, cosd, — ) —sin §, sin §, cos  +
Cs = P . —sin o
sin §, cos §, cos f3 cos §, cos J,
—sin §,sin 3, + sin 8, cos &, cos B+
Cc; =@, cos o .
cos 9§, cos d, cos f3 sin §, cos §,
Cy =P, sin Bcos §, cosfB sin §, sin B
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—sin §, cos 8, — ) ) —sin §, sin 5, cos B+

Co = s, . sin 9, sin f3
’ sin J, cos §, cos B cos 9, cos 8,

—sin §, sin 8, + ) sin §, cos d, cos B+
Cio =@y, ) —sin Bcos &, ) )

cos §, cos O, cos B sin J, cos J,
=0y sin Bcos §, cos 3 sin §,sin 3

—sin §, cos 8, — ) ) —sin §, sin &, cos B+
Cio =Py, . ) sin &, sin B )

sin 9, cos J, cos f3 | cos §, cos J,

Yy
y4 ".‘

Y

Y

d)

Yo
b) ©)
Y3 s
z< /
y \
-—— yg —2 Z‘ """" \
0
/ :
ZZ
Y z/
e) f)

Fig. 3. Position of axes of measurement systems of coordinates on sides of the quadrangular polyhedron: (a) is the
view of axes xy, X1, X, X3, X4 from front; (b) is the view of axes yy, y1, ¥2, 3, y4 from front; (c) is the view of axes z, zi,
2, 23, z4 from front; (d) is the view of axes xo, x1, X2, X3, x4 from above; (e) is the view of axes yo, y1, 2, 3, 4 from
above; (f) is the view of axes zy, z1, 23, z3, z4 from above

Guide cosines of a non-collinear redundant
measurement device based on such a structural
element as a quadrangular polyhedron can be
determined in the following way

B] :MX’ BZZMYIMZMY’ B3:MY2MZMY’
B4 = MY3MZMY’ BS = MY4MZMY‘

(3)
In formulas (3), matrix M, determines the
orientation of the inertial measurement units located

on the basis of a quadrangular polyhedron. Slope §
is defined as 54.7 °. It allows us to determine the tilt
of the side to the base of the quadrangular
polyhedron. Angles v, define the orientation of axes

of measurement system of the coordinates located on
the sides. They are equal to 0°, 90°, 180°, and 270°,
respectively.

The information about guide cosines (numerical
values) for non-collinear redundant measurement
device using the quadrangular polyhedron as a
structural element is given in Table II.

TABLE II. TABLE OF GUIDE COSINES (QUADRANGULAR POLYHEDRON)
Projection W, o, (0%
=, 0 0
C, = Q, 0 -1
=0 0 -1
=0, —-0.289 -0.816 -0.500
Cs =@y, —0.409 0.577 -0.707
Co = P, 0.866 0 0.5
C; =, 0.866 0 0.5
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Projection oy ®, o,
Cs = P, —0.408 0.577 —-0.707
Co =@, 0.289 0.816 0.5
o =Py, 0.866 0 0.5
ST —0.408 0.577 -0.707
Cp = Q. 0.2887 0.816 0.5
Ci3 = Ps, —0.86603 0 0.5
Ciy = @5, —-0.410 0.577 -0.707
Cis = Ps. —0.289 -0.816 -0.5
It should be noted that in this case the diagonal elements. These elements represent
expressions for determining the guide cosines are dispersions of measurement errors [3]
simpler in comparison with the measurement device .
with a structural block based on a triangular tr(D)= Zdﬁ, (5)
i=1

polyhedron.

V. RESEARCH OF PRECISION OF NON-COLLINEAR
MEASUREMENT INSTRUMENTS

Application of the non-collinear redundant
measurement device including MEMS sensors needs
the measured information to be converted. This is
performed in the non-collinear reference frame.
Measured information is converted into data in the
orthogonal system of coordinates. This operation can
be defined by the matrix transformation H.

In order to process the redundant information, the
least square method can be applied [2], [3]. The
minimal trace of the correlation error matrix is used
as the objective function in this situation, thus it is
assumed that the statistic performances of the
measured parameter are independent and their mean
is zero value. In case these presumptions are true,
the error correlation matrix can be calculated by the
formula [3]

D=[H"H]". 4)

The matrix trace D is defined by addition of

here d;; are the diagonal elements of the matrix D; n
is sensors’ quantity.

Expressions (4), (5) in correspondence with [2],
[3] can be the basis of theoretical research of the
precision of non-collinear redundant measurement
devices including inertial sensors. If the non-
collinear measurement device consists of six sensors
situated in accordance with the cone’s forming, the
correlation matrix of errors can be written as

050 O 0
tracelH'H] ' =trace] 0 050 0 [=1.50.
0 0 0.50

The results of the theoretical research of
precision for non-collinear measurement devices of
one-axis sensors by formulaec (4), (5) can be
analyzed from Table III. It gives information on
errors for various non-collinear redundant
measurement device for differing cases of faults.

Theoretical research of precision of non-collinear
measurement devices based on inertial MEMS units
can be seen in Table IV.

TABLEIII.  RESULTS OF THEORETICAL RESEARCH OF NON-COLLINEAR MEASUREMENT DEVICES OF ONE-AXIS
INERTIAL UNITS
Characteristic of errors
Type of measurement device Without Faults of 2 Faults of 3

Sfaults sensors sensors

5 sensors and the cone geometry unit ) 32 3.9

6 sensors and the cone geometry unit 1.8 2.1 4.5

4 sensors and the cone geometry unit including the

axis of symmetry 1.9 3.1 5.0

5 sensors and the cone geometry unit including the

axis of symmetry 1.7 2.2 3.3

6 sensors and the dodecahedron geometry unit 1.5 2.0 3.0




0.A. Sushchenko, Y.M. Bezkorovainyi, V.0. Golitsyn Research of Precision of Non-collinear Inertial ... 75

TABLE IV.

RESULTS OF COMPARATIVE ANALYSIS OF NON-COLLINEAR MEASUREMENT DEVICES BASED ON INERTIAL
MEASUREMENT UNITS
Non-collinear measurement device Trace as error characteristic
Collinear measurement instrument 1.0
Measurement instrument based on the triangular polyhedron 0.55
Measurement instrument based on the quadrangular polyhedron 0.23

The results represented in Table IV prove
advantages on the precision of the non-collinear
redundant measurement device using the
quadrangular polyhedron.

VI. CONCLUSIONS

The analysis of non-collinear inertial measurement
instruments on the basis of uniaxial MEMS sensors
has been performed and the corresponding matrices
of guide cosines were obtained.

Matrixes of guide cosines, which provide
transforming  measurement  information  into
navigation one for non-collinear measurement

devices grounded on triangular and quadrangular
polyhedra, have been also obtained.

Research  of precision of non-collinear
measurement devices based on one-axis and three-
axis MEMS sensors using correlation matrices of
errors has been carried out.

The comparative analysis for non-collinear
redundant inertial instruments based on triangular and
quadrangular polyhedrons has been implemented.
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0. A. Cymienko, B. M. be3kopoBaiinuii, B. O. I'oninun. Jloc/izkeHHs] TOYHOCTI HEKOJTiHAPHUX iHepUiaJbLHUX
BUMipIOBayiB

[IpencraBneni HekoniHeapHi KOHGITypalii Ha OCHOBI iHEpIiaIbHUX TPHOCHUX IPHJIAJIiB Ta KOHCTPYKTHBHUX €JIEMEHTIB
y BUTJISIII TPUKYTHHX Ta YOTHPUKYTHUX mipamin. OTpuMaHi BiJIIOBiIHI MaTpuIli HanpsIMHUX KOcUHYciB. Ha BimmiHy
BiJl BIJIOMHX HEKOJIiHEApHUX BHMIpIOBAYiB, BPaxOBYIOTbCS BUMIPIOBAHHS BCIX JAaTYMKIB, IO BXOMASATH 1O CKIAay
TPUBICHHX TPHUCTPOiB. JlaHO oOmMC B3a€MHOTO pO3TAallyBaHHS BUMIPIOBAIBHUX OCEH OKPEMHUX JaT4UKiB Y
MIPOITOHOBAaHUX KOH(Qirypamisx. OTpUMaHO TEOPETUYHY OIIHKY TOUYHOCTI HEKOJiHEapHUX BHUMIipPIOBAJILHHUX MPHIAJIB Ha
OCHOBI OJIHOBICHHMX Ta TPHMBICHHMX JATYMKIB KYTOBOI HIBHAKOCTI 3 BHKOPHCTaHHSM KOPEALIMHUX MaTpHIhb HOXHOOK
BuMiptoBaHb. OTpUMaHi pe3ynbTaTh KOPHCHI, OCKUIBKM CIPSIMOBaHI Ha 3a0e3NEeYeHHS BHCOKOTOUHHMX Ta HaAiHHHUX
BUMIpIOBaHb, IO BaXJIMBO JUIs OE3IIOTHUX JIITAIBHUX amapariB, sIKi B JaHUH 4Yac OIMPOKO BUKOPHCTOBYIOTHCS B
VYxpaiHi.

Karwu4oBi cioBa: HampsMHI KOCHHYCH; iHEpIiajJbHUI JaTYUK; HEKOJNIHEapHH BHUMIpIOBaY; IOXHOKa BUMIpPIOBaHHS;
TOYHICTb.
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HHePIHATBHBIX H3MepuTeeii

[IpencraBieHbl HEKOJLTMHEAPHBIC KOHPHUTYypaIuy Ha 0a3e HHEPIMATBHBIX TPEXOCHBIX U3MEPUTEIICH U KOHCTPYKTUBHBIX
3JIECMEHTOB B BHUJIC TPEYTOJIbHBIX U YETHIPEXYrONbHBIX MUpaMua. [1odydeHsl MaTpHIBl HAIPABJISIOIIMX KOCUHYCOB. B
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OTJIMYMUE OT M3BCCTHBIX HCKOJUIMHCAPHBIX HW3MCPHUTCIbHBIX HpI/IGOpOB YYUTBIBAIOTCA HM3MEPCHHA BCEX OAaTUHUKOB,
BXOJAIIUX B COCTaB TPEXOCHBIX yCTpOﬁCTB. I[aHO OIlCaHuEe B3aMMHOI OpUCHTAIIUU U3MEPUTECIIbHBIX ocel OTACJIIBHBIX
JaTYUKOB B IIpE€AjIaracMbIX KOH(l)I/IpraHI/IHX. Honyqua TCOPECTUYCCKAA OI€CHKa TOYHOCTU HCKOJIMHCAPHBIX
HU3MCPUTCIIbHBIX HpI/IGOpOB Ha OCHOBE OJJHOOCHBIX M TPEXOCHLIX IATYUKOB yI‘J'IOBOﬁ CKOpPOCTH C HCIIOJIB30BaAHHUEM
KOPPECIIAIIMOHHBIX MaTPHUIL OIIMOOK I/ISMEPEHI/Iﬁ. HOJ'Iy'—IeHHI)Ie PE3YabTAaThl MOJE3HBI TEM, YTO OHM HAIPaBJICHBLI Ha
obOecrieueHre BLICOKOTOYHBIX U JOCTOBCPHBIX H3MepeHHﬁ, YTO HUMECT 3HAYCHHUC JId OECITMIOTHRIX JIETATEILHEIX
arraparTroB, IMUPOKO UCIOJIb3YEMbIX B YKpaI/IHe B HACTOAILIEEC BPEMS.
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