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Abstract—The process of designing autonomous vector measuring instrument is considered. The
characteristic of autonomous vector measuring instruments applied in unmanned aviation is given. The
concept of the smart measuring instrument concerning to the researched device is explained. The
structure of information support for designing redundant nonorthogonal measuring instrument is given.
The block-scheme of the process of designing redundant nonorthogonal configurations is represented.
The process of choice of the optimal configuration of autonomous vector measuring instruments based on
redundant nonorthogonal measuring bases is represented. The computer-aided designed procedures for
optimal configuration choice are described. The basic algorithms necessary for functioning of the smart
vector measuring instruments are listed. The example of the analysis of nonorthogonal configurations is
represented. The obtained results are applicable in measuring systems of unmanned aviation. They also
can be useful for other aerospace applications.

Index Terms—Autonomous vector measuring instruments; computer-aided design; nonorthogonal

configuration; redundancy; smart measuring instrument.

I.  INTRODUCTION

Successful solving problems dealt with control of
moving vehicles including aircraft and spacecraft is
largely determined by the level of developing
measuring instruments and computer technologies.
Further development of unmanned aviation is
impossible without improvement these areas.

One of basic problems in area of application and
developing airborne measuring instruments and
measuring and computing systems is continuous
improving accuracy, speed of operation, reliability,
durability, and profitability of their operation.

II. PROBLEM STATEMENT

The modern trend of measuring technique is
integration of measuring instruments assigned for
measuring primary information and processing the
obtained information. Modern devices and sensors
are developed and used in practical situations under
information computer technologies [1]. By these
technologies sensors, devices and also information
and navigation systems are considered as
information and measuring systems [2]. Such an
approach corresponds to creating the so-called smart
measuring instruments in accordance with a scheme
represented in Fig. 1

X Measuring instrument, y . u
:> . —'\ Mlcroprocessor, COmputer :>
sensor (Measuring)  —

(Calculating)

Fig. 1. The scheme of the smart measuring instrument

Development of any smart measuring instrument
includes information, mathematical, algorithmic,
program, technical, and methodical supports. The
article deals with aspects developing these supports
regarding to measuring instruments of aerospace
applications (unmanned aerial vehicles and artificial
carth satellite). The above mentioned controlled
objects use such measuring instruments as
gyroscopes, accelerometers, and magnetometers.

These measuring instruments have two basic
properties. Firstly, these measuring instruments are
autonomous. Secondly, they are able to measure
vectors and their components.

The main goal of the article is development of
smart measuring instruments based on such sensors
as gyroscopes accelerometer, and magnetometers.

Solving this problem requires researching two
problems. On the one hand, it is necessary to
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improve the measuring part of the smart instrument.
On another hand, it is measuring desirable to
improve calculating part of the smart measuring
instrument including algorithms able to increase
accuracy and reliability of the measuring
instruments as a whole.

III. AUTOMATED DESIGN OF SMART MEASURING
INSTRUMENT BASED ON NONORTHOGONAL

It is known [2] that improvement accuracy and
reliability of measuring process can be achieved by
means of redundancy. There are such types of
redundancies as structural, functional, code, and
algorithmic.

The structural redundancy can be implemented in
two ways such as reservation and integration. In its
turn, the reservation can be implemented based on
sensors or measuring bases [2], [3]. Finally,
redundant measuring bases can be orthogonal and
nonorthogonal. It should be noted that the

nonorthogonal basis can be formed by measuring
instruments with noncollinear and noncoplanar
sensitivity axes.

Designing measuring instruments with redundant
nonorthogonal measuring bases deals with a great
number of transformations and calculations. Its
successful implementation is impossible without
using computer-aided design procedures with
appropriate information and algorithmic supports [4].

The structure of the information support
concerning to improving measuring part of the smart
measuring instrument assigned for autonomous
vector measurements is represented in Fig 2. The
most important blocks of this structure are
requirements to the measuring instrument depending
on the application area, information about sensor
characteristics, and information about possible
structures of redundant nonorthogonal
configurations of autonomous vector measuring
instruments.

Informational support

' ,

i

Area of application

Characteristics of sensors

Non-orthogonal
configurations

Fig. 2. Structure of information support for improving the measuring part of the smart sensor

The choice of a concrete computer-aided design
procedure depends essentially on a type of the
application: space or aerial. In its turn, a type of the
UAYV is important too. Control systems of heavy
UAVs are close to ones of aircraft by the complexity
of control laws and accuracy performances of
sensors. Therefore for space application and heavy
UAVs, it is convenient to use single sensors
(gyroscopes, accelerometers, and magnetometer)
with improved characteristics, but, of course, the
more expensive. Moreover, in the first case, it is
desirable to use single-axis sensors. In the second
case, we can use inertial measuring units designed as
a single module. In other words, three-axial
gyroscopes, accelerometers, and magnetometers can
be used for this application. It is possible to say that
the choice of a type of the sensor determines its
structure in some way (a number of axes of a
measuring instrument is taken into consideration).

Next stage lies in the choice of a measuring
instrument from the point of view of physical
principle of operation and basic characteristics (first
of all, accuracy and reliability).

It is convenient to mention here basic types of
autonomous vector measuring instruments [3].

1) Gyroscopes such as laser, fiber-optic, rotor,
float, vibratory, electrostatic, solid state wave, and
dynamically tuned gyroscopes.

2) Accelerometers such as mass spring,
pendulum, quartz, piezoelectric, magnet-elastic,
string, float, MEMS.

3) Magnetometers such as flux-gate, ferro-

resonant, galvanic magnet, magnetic resistive, auto
generator, quantum.

Basic parameters necessary for sensor choice are
measuring range, resolution, accuracy (root mean
square).

A basic feature of the redundant nonorthogonal
measuring instruments is the necessity to choose an
optimal configuration of separate sensors. Based on
[2], it is possible to make conclusion about
expediency of using such a geometrical figure as a
cone for nonorthogonal configurations based on
single axis sensors and polyhedrons for
nonorthogonal configurations based on triaxial
measuring units (see in Fig. 3a and b).
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(b)

Fig. 3. Examples of nonorthogonal configurations: (a) is
the based on a cone; (b) is the based on a polyhedrone

Characteristics of the most widespread
nonorthogonal configurations are represented in
Tables I and II.

TABLE 1. NONORTHOGONAL CONFIGURATIONS
BASED ON SUCH A GEOMETRICAL FIGURE AS A CONE

No | Description of a configuration

1 4 sensors along a cone’s generators

2 3 sensors along a cone’s generators and 1
along the axis of symmetry

3 5 sensors along a cone’s generators

4 4 sensors along a cone’s generators and 1
along the axis of symmetry

5 6 sensors along a cone’s generators

6 5 sensors along a cone’s generators and 1

along the axis of symmetry

It should be noted that the information support in
the part of nonorthogonal configurations must
especially include matrices of directional cosines,
which correspond to a definite configuration.

As example, consider a matrix of directional
cosines for the nonorthogonal configuration
consisting of 6 sensors located along a cone’s
generators. This matrix is represented as a Table I1I [5].

The matrix represented in Table III defines
correspondence between axes of navigation
reference frame xyz and measuring reference frame
dy, d, ds, dy, ds, ds [6].

TABLE II. NONORTHOGONAL CONFIGURATIONS BASED ON POLYHEDRONS
No Polyhedron Number of vertexes | Number of ribs Number of | Maximal number
facets of sensors

1 Hexahedron 6 4

2 Tetrahedron 4 6 4 4

3 Octahedron 6 12 8 4

12 Dodecahedron 20 30 12 6

5 Icosahedron 12 30 20 10
TABLEIIl.  MATRIX OF DIRECTIONAL COSINES FOR Taking into consideration [4], [7], [8] the block-
SENSORS LOCATED ON A CONE’S GENERATORS scheme of the process of designing the smart
. v ~ measuring instruments based on autonomous vector
p 0 cos 9 sin S sensors and nonorthogonal redundant configurations

! . . i is represented in Fig. 4.
d, | sinm/3sin | cos9 cosm/3sin § The feature of this algorithm is that it includes
d, sin 7w/ 3sin 9 cosd | —cosm/3sin 3 designing of both measuring and calculating parts.
d 0 cos 9 —sin 9 Algorithms and correspondingly software are integral
u - 73sn 8 3 3sn 9 parts of a measuring instrument on the whole.

ds | —smm/3sm cos —cosT/ oS This block-scheme includes also the choice of the
- - - optimal redundant nonorthogonal configuration of
dg | —sinm/3sin | cos 9 cosn/3sin 9 autonomous vector sensors (gyroscopes,

accelerometers, and magnetometers).
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Fig. 4. The block-scheme of the process of designing the smart measuring instrument

The block of the choice of the optimal
nonorthogonal configuration can be solved using
automated means only. The basic design procedures
of this process are represented in Fig. 5. Algorithms
of information processing can be based on many
approaches including averaging, median, and
weighting averaging. Various filters can be applied
too. It worth be mentioning Kalman filter,
complementary filter. The great meaning has the
integration of information of sensors. It is convenient
to use new approaches, first of all algorithm of

processing information based on neural networks.
Calibration algorithms are based on weighting
averaging. Learning by means of neural networks
sufficiently well combines with neural networks.
Algorithms of searching failures can be implemented
in different ways. Firstly, it is possible to determine
two maximal errors and exclude appropriate sensors
from the process of information forming. Secondly, it
is possible to carry out calculation of new errors after
identification of failed sensor.
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Fig. 5. Computer-aided design procedures on the choice of optimal nonorthogonal configuration of autonomous vector
measuring instruments

Results of analysis of possible nonorthogonal
configurations are represented in Table IV [9].

TABLEIV. COMPARATIVE ANALYSIS OF DIFFERENT
NONORTHOGONAL CONFIGURATIONS

All
sensors
2.21

Failure of
2 sensors
3.92

Failure of
1 sensor
3.20

Configuration

5 sensors along
cone generators
4 sensors along
cone generators
and 1 along the
axis of
symmetry

6 sensors along
cone generators
5 sensors along
cone generators
an 1 along the
axis of
symmetry

6 sensors along
dodecahedron
facets

1.93 3.15 5.00

1.79 2.13 4.50

1.70 2.18 3.35

1.50 2.00 3.00

The analysis has been carried out on traces of
correlation matrices of errors.

VII. CONCLUSIONS

The basic principles of the computer-aided
designing autonomous vector measuring instruments
are represented. The structural scheme of the process
of designing the intellectual measuring instrument
concerning to the researched device is represented.
The most important subsystems of the choice of
optimal redundant nonorthogonal configuration are
represented. The proposed approach allows
decreasing the design time and improving quality of
design process due to automation of complex and
labour-intensiveness calculations and transformations.
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0. A. Cymenko, B. O. I'oainun, O. O. Camok, C. I'. €ropoB. ABTOMaTH30BaHE MPOEKTYBAHHSI ABTOHOMHHUX
BEKTOPHUX BUMipIOBa4iB

Po3rnsiHyTO mpornec MpoeKTyBaHHs aBTOHOMHOIO BEKTOPHOrO BuMiproBaua. HajmaHo XapaKTepHCTHKY aBTOHOMHHX
BEKTOPHUX BHMIpIOBaJIbHUX TMPHJIAiB, IO 3aCTOCOBYIOTbCS B Oe3minoTHii aBiamii. [loscHeHO KoHIEIIiO
IHTEJEeKTyalbHIX BHMIpIOBaYiB, JIO SIKMX BIJHOCHUTBCS JIOCTIDKYBaHWH mpHcTpiii. HaBeneHo crpykTypy
iH(popMariifHoro 3a0e3neYeHHs MPOEKTYBaHHs HAJAMIPHOTO HEOPTOrOHAIBHOI'O BHUMIpIOBAaJILHOTO Npuiany. IlokazaHo
OJIOK-CXeMY MpoIecy NPOEKTYBaHHS HaJIMIpPHHX HEOPTOrOHalbHUX KoHQirypamii. [IpencraBieno mpouec BHOOpY
ONTHUMAJbHOI KOH(Irypamii aBTOHOMHUX BEKTOPHHX BHMIPIOBAIBHUX TMPHWJIAAiB HAa OCHOBI HAJUIMIIKOBHX
HEOPTOTOHAJILHUX BUMIPIOBAJILHUX 0a3uciB. OnrcaHo aBTOMaTH30BaHi Ipoleypyu BUOOPY ONTUMAaNIbHOT KOHQIryparii.
[lepepaxoBaHO OCHOBHI aJrOpUTMH, HEOOXiAHI Al (PYHKIIOHYBaHHS IHTEIEKTYaJbHUX BEKTOPHHX BHMipIOBaJIbHUX
npwiaaiB. HaBeneHo npukian aHamily HEOPTOrOHAJNBHUX KoOHQirypamid. OTpuMaHi pe3yabTaTH MOXYTh OyTH
3aCTOCOBaHI B BUMIPIOBAJIBHUX CUCTEMax Oe3MmijoTHOI aBiarii. Takok i pe3yabTaTH MOXYTh OYTH KOPHCHHMH IS
IHIIMX a€POKOCMIYHHUX 3aCTOCYBaHb.

Karwu4oBi cnoBa: aBTOHOMHI BEKTOpHI BHMIpIOBAIbHI IPWIAJH; CHCTEMH aBTOMAaTH30BAHOTO MPOEKTYBaHHS,
HEOpTOTOHAJIbHA KOH(Irypallisi; pe3epByBaHHS; IHTENEKTYaIbHUI BUMipIOBAIBHHUN TIPHIIA.

Cymenko Oubra AngpiiBaa. orcid.org/0000-0002-8837-1521 JlokTop TexHiuyHMX HayK. [Ipodecop.

dakybpTeT aepoHaBirallii, eIeKTPOHIKH Ta TeJeKoMyHikaniii, HarlioHanapHuMiA aBiauiiHuii yHiBepcureT, KuiB, YkpaiHa.
Ocgita: KuiBcbkuii momiTexHivynuii incturyt, Kuis, Ykpaina, (1980).

HarnpsiMm HayKoBOi JisTBHOCTI: cUCTEeMH cTaduTi3alii iHpopMaliiHO-BUMipIOBAIBHUX IPUCTPOIB, €KCIUTYaTOBAaHUX HA
pPyXOMHUX 00’€KTax MIMPOKOTO KIIACy.

Kinpkicts mybmikarii: 250.

E-mail: sushoa@ukr.net

Toninuna Bosoquvup OJiekcaHAPOBUY. ACITipaHT.

dakynbpTeT aepoHaBirallii, eIeKTPOHIKH Ta TeJeKoMyHikaniii, HarlionanpHuiA aBiauiiauii yHiBepcureT, KuiB, YkpaiHa.
Ocgita: HanioHanpHUH aBiamiinui yHiBepcureT, (2018).

HampsiMm HaykoBoOi JisTbHOCTI: 1H(OpPMAILiTHO-BUMIPIOBAJIBHI IPUCTPOI.

Kinpkicts myomikarii: 5.

E-mail: vova.gol@ukr.net



86 ISSN 1990-5548 Electronics and Control Systems 2020. N 2(64): 80-86

Camok Oaexcanap OnekcifioBuy. bakanasp.

dakynbpTeT aepoHaBirallii, eIeKTPOHIKH Ta TeJleKoMyHikanill, HarionanpHuiA aBianiiHuii yHiBepcureT, KuiB, YkpaiHa.
Ocsirta: HanionanbpHuit aBianiiinuii yHiBepcurer, Kuis, (2019).

Harnpsim HaykoBOi AisiIbHOCTI: 1H(OpMAaIiiTHO-BUMIPIOBAJIbHI TIPHIIAIH.

Kinpkicts myomikarii : 1.

E-mail: sashalok511@gmail.com

€ropos Cepriii 'appuiaosny. Crapmuii Bukiagad.

dakynbpTeT aepoHaBirallii, eIeKTPOHIKH Ta TeJeKoMyHikanili, HarionanpHuii aBianiiauii yHiBepcureT, KuiB, Ykpaina.
Ocgita: XapKiBCbKHU# aBialiiHuiA IHCTUTYT, (1979).

HamnpsiMm HayKOBOi JisZIBHOCTI: CUCTEMH Ta MPOLECH YIPABIIiHHS.

Kinpkicts myomikarii: 30.

E-mail: avionika2006@ukr.net

O. A. Cymenko, B. A. T'omunun, A. A. Camwok, C. I'. EropoB. ABTOMaTH3MpPOBaHOe NPOEKTHPOBaHHE
ABTOHOMHBIX BEKTOPHBIX NU3MepHTeIei

PaccmotpeH mporiecc MpOEKTUPOBAaHUSI aBTOHOMHOTO BEKTOPHOTO M3MepuTels. J[aHa XapakTeprcTHKa aBTOHOMHBIX
BEKTOPHBIX HM3MEPHUTEIbHBIX MNPUOOPOB, IPUMEHSEMbIX B OecIIoTHON aBuamuu. [losicHeHa KOHIENIUs
UHTEJUIEKTYyaJIbHOTO ~ M3MEpHTENd, OTHOcAmasca K  HcciaenyeMoMy  ycrpoiictBy. [lpuBenmeHa  crpykrypa
nH}popMaMOHHOro o0ecIieueH s IPOSKTHPOBAHUS HM30BITOYHOIO HEOPTOTOHAILHOTO HW3MEPHUTENLHOrO Ipudopa.
[Mokazana OnoOK-cxema Tpolecca HPOEKTHPOBAHMS H30BITOUHBIX HEOPTOTOHANBHBIX KoH(purypaumii. IIpencraBien
Ipoliecc BbIOOpa ONTHUMAJbHOW KOH(HUIYypallMM aBTOHOMHBIX BEKTOPHBIX H3MEPUTENBHBIX HPHUOOPOB Ha OCHOBE
M30BITOYHBIX HEOPTOTOHAJBHBIX HM3MEPHUTENbHBIX 0a3. OnucaHbl aBTOMaTH3MPOBAHHBIE TPOLEIYPHl BBIOOpa
ONTHUMaJbHOW KoH(Urypanuu. IlepedrcieHsl OCHOBHBIE AallTOPUTMBI, HEOOXOIUMbIE s (YHKIMOHUPOBAHUS
WHTEIUIEKTYyaIbHBIX BEKTOPHBIX HW3MEpPUTENBHBIX TNpuOOpoB. [IpuBereH npuMmep aHaiM3a HEOPTOrOHAJIBHBIX
KoH(urypanuii. [lonydeHHbIe pe3ynbTaThl IPUMEHUMBI B U3MEPHUTENBHBIX CUCTEMaxX OECHMJIOTHOM aBHanuu. Taroke
9TH Pe3yNbTaThl MOT'YT OBITh MOJIE3HBI JUTS APYIUX a9POKOCMUYECKHUX MPHIOKEHHH.
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