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ABSTRACT

Context. The problem of correction for operation of strapdown inertial navigation system used for unmanned aerial vehicle is ur-
gent because of further increased requirements to autonomous flight in blackout zones. The object of the study was to simulate the
accuracy characteristics of strapdown inertial navigation system based on known (or given) instrument errors of its sensors.

Objective. The goal of the work is to develop a mathematical and computer model of the strapdown inertial navigation system
and estimate its accuracy characteristics based on given values of sensor errors.

Method. The mathematical and computer models of the strapdown inertial navigation system based on slow, medium and fast
cycles are developed. For the simulation of accuracy characteristics, the strapdown inertial navigation system is represented as a set
of dynamic and kinematic equations in local tangent plane coordinate system with the Earth’s model taking into account components
of gravity acceleration. The models of sensors are developed based on characteristics of low-cost microelectromechanical sensors
used onboard. Data fusion algorithms were previously considered and include modified Kalman filter or, for some cases, complimen-
tary filter by compensation scheme, but not considered here in details. Direction cosine matrix for strapdown inertial navigation sys-

tem algorithms is found by Poisson’s method.

Results. The developed models have been realized and simulated in MATLAB+Simulink. Initial parameters (errors of the pri-
mary information sensors and the flight conditions) during simulation have been varied: medium, high and low latitudes; direction of
flight (along and across the meridian; on and against the direction of rotation of the Earth).

Conclusions. The developed models and their simulations have been compared with actual testing results of strapdown gyrover-
tical CBKB-II2A and confirmed the validity. It allow us to recommend them for use in designing strapdown inertial navigation sys-
tem of unmanned aerial vehicle, as well as for experimental study of innovative data fusion algorithms for integrated satellite and

inertial navigation system.

KEYWORDS: strapdown inertial navigation system, satellite navigation system, strapdown gyrovertical, dead reckoning, data

fusion.

ABBREVIATIONS
LTP is a local tangent plane;
MEMS are microelectromechanical sensors;
SINS is a strapdown inertial navigation system,;
SNS is a satellite navigation system;
UAYV is an unmanned aerial vehicle.

NOMENCLATURE

vy is a roll angle;

A is a longitude;

3 is a pitch angle;

® is an angle of trajectory inclination;

¢ is a geographic latitude;

y is a course angle;

¥ is a track angle;

Q, is an angular speed of the Earth’s rotation;

Q,, Q,, Q, are the projections of the angular veloc-
ity of the Earth’s rotation on LTP coordinate axes;

©, r « arethe projections of the angular velocity of

the navigation trihedron relative to the inertial space;

a, x, are the projections of the apparent acceleration
of UAV on the axis of the navigation trihedron;

B is a direction cosine matrix;

g, ro are the projections of the acceleration vector of
gravity on LTP coordinate axes;

H is a flight altitude;
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R is a distance to the Earth’s center;

R, R, are the radiuses of meridian and parallels;

Vi, Vz, Vo are the components of the flight speed in
LTP coordinate system.

INTRODUCTION

Strapdown gyro vertical is related to the class of SINS
and outputs main navigation parameters. They are obtained
by dead (deduced) reckoning, that is, by continuous integrat-
ing signals corresponding to aircraft accelerations. Informa-
tion about the acceleration comes from accelerometers lo-
cated on board UAV. The procedure for integrating vector
quantities, which are the accelerations and velocities of
UAYV, is ensured by reproducing (modeling) the correspond-
ing coordinate system on board. The presence of errors in the
SINS sensors, in turn, leads to errors in determining the na-
vigational coordinates of UAV movement. That is why while
designing SINS it is necessary to reduce the magnitude of
the instrument errors in the primary information sensors.

The subsystem of integration of SINS and SNS into one
is implemented in the data fusion scheme (usually it is Kal-
man filter block). This scheme estimates the position and
speed of UAV, and this data can come not only to consum-
ers, but also to the delay and phase tracking blocks of SNS
receivers. It is necessary to provide high data rate for these
blocks so that the time period between measurements in the
SNS subsystem can be divided into a large number of sub-
intervals for the purpose of observation correction contour.
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For UAV, sensors of SINS are usually selected to be
small and low-cost, and MEMS are almost fully met these
requirements. Here there is a problem to develop a mathe-
matical and computer model of the strapdown inertial navi-
gation system and to estimate its accuracy characteristics
based on given values of sensor errors.

The object of study is the strapdown inertial naviga-
tion systems and its sensors of primary information.

The subject of study is the computer and mathemati-
cal model of SINS and its accuracy characteristics de-
pending on instrument errors of primary information sen-
SOrS.

The purpose of the work is to develop a mathemati-
cal and computer model of the strapdown inertial naviga-
tion system and estimate its accuracy characteristics based
on given values of sensor errors.

1 PROBLEM STATEMENT
As navigation coordinate system, let us use the condi-
tional geographical coordinate system OLR® (Fig. 1).
Position of UAV relatively the Earth is determined by
geographic longitude A, latitude ¢ and distance to the
Earth’s center R.

Equator

Greenwich sy
meridian

Figure 1 — LTP coordinate system used for navigation

Here there are axes: OR coincides with the vertical;
OL is the tangent to the parallel (equator); O is directed
in order to form right-handed coordinate system.

This direction of the axes of the navigation trihedron
was chosen taking into account the simplification of the
further transition from the geographical to the great-circle
coordinate system, since in the great-circle coordinate
systems OL axis coincides with the tangent to the great-
circle course. It is in this convention of the selected geo-
graphical coordinate system. The difference between a
conventional geographical and a standard geographical
coordinate system is the opposite sign of the latitude val-
ue and the course reckoning.

In SINS algorithms, dynamic and kinematic equations
are usually distinguished. Dynamic equations realize the
three-component SINS scheme in which the coordinates
A, ¢,, H are determined by integration of the following
equations:

X:V—L,HZVR,
RP
(1
e
(py Ea(p__(py
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The components of the flight speed V;, Vi, Vo in the
navigation coordinate system are determined by project-
ing the vector equation on the corresponding axes of the
navigation trihedron:

VL =ar +VR(,0@Z _V@O‘)RZ +8rs
VR =dap 'i‘V@(DL2 —VL(D(p2 +gR; (2)
V(p =dgp ‘f‘VL(DRZ _VR(DLZ +g¢,

where

Oy, =0, +2Q4;

Dy
Oy =g +2Q,;

0, =0, +2Q,.

Ly
In turn, the components of the relative angular
velocity of the navigational trihedron and the rotation

speeds of the Earth are determined by the relations:

V(D
(DLp :R—m:(p}’
L . . .
Opy =——=SINQ  =—ASInQ ;
Rp bl bl 3)
V,
O =R =T

Q, =0;Q, =Q,sing;Q, =—-Q cos.
Here Q is equal to 7.27-10" rad/sec.

2 REVIEW OF THE LITERATURE

The inertial navigation systems error models were
proposed in [1] which also puts all of the known models
in the same framework and shows the equivalence be-
tween them. The authors proposed the methodology when
any new model which will ever be developed can be add-
ed to general one, but such unification had several weak
spots like impossibility to get combination of several error
sources.

The most significant error source is computational
one, namely connected with recalculation of DCM or us-
ing quaternions as it is done and analyzed in [2]. Authors
adopted dual quaternion algebra, as unified mathematical
tool for representing the general displacement of a rigid
body, to analyze error characteristics of the strapdown
INS. Accuracy characteristics for using Poisson’s equa-
tion to find DCM is studied in [3], and it is more tradi-
tional approach for integrated SINS.

The development of novel miniature sensory of SINS
is considered in [4]. It covers the sources of modern
MEMS together with [5]. The research of MEMS models
is done in [6], where low-cost sensors are represented as
error sources with short-term (high-frequency) and long-
term (low-frequency) components, via Allan variance,
wavelet de-nosing and the selection of the level of de-
composition for a suitable combination between these
techniques. The same technique (Allan variance analysis)
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is used in [7], where the error model is simply represented
in the form of the root mean square random drift error
varied with averaging time.

The Earth’s model is selected by researcher depending
on the given tasks and depends of accuracy requirements
to gravity acceleration components like in [8] where for
integration SINS with SNS the standard GPS Earth Cen-
tred Earth Fixed reference frame was selected together
with Earth’s model.

Used here models of instrument errors of SINS are
previously studied by authors and gathered in book [9].

An integrated SINS-SNS based on the theory of multi-
sensor data fusion is presented in [10]. Error models for
the inertial measurement unit are generated and included
in the extended Kalman filter for SINS. An improved
decentralized Kalman filter is developed to eliminate ob-
vious error of SNS data and reduce the load of calcula-
tion. An adaptive federal Kalman filter is used for data
fusion between SINS and SNS to provide smoothed and
continuous positioning data against the presence of radio
blackout or communication dropouts and the unbounded
SINS errors growing with time.

3 MATERIALS AND METHODS

Scheme of navigational calculation algorithm is the
following.

Performing some transformations and taking into ac-
count the equality of the individual components of the
initial dynamic and kinematic equations (1)—(3) to zero,
the algorithm for performing navigation calculations in
the geographic coordinate system can be represented as it
is given in [11, 12]. In case of insufficient speed of the
airborne processor of the navigation computer, the SINS
operation algorithm can be divided by two or even three
levels according to the required calculation speed (by the
duration of the sampling period), which are characterized
the correspondingly fast, medium, and slow calculation
cycles.

Fast cycle is described as following:

m)’z = 0))/ B O)ytbLR 5
(sz = O _O)XIDLR; @
W, =0, —0; .

= ((nyZ cosy — @, sin y)sec 9

7=, +tgd (coZZ siny —o,, cosy); )

9= ®), SINY+0,y CosY;

Wy = (90" ).

cosycos 9
B= sin 9
—sinycos$ cosysiny+sinysin3dcosy cosycosy—sinysindsiny (6)

sinysiny—cosysin3cosy sinycosy+sinycosIsiny

cosdcosy —cos 9siny

Medium cycle is described as following:
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Slow cycle is described as following:

. v
r=-0, =—X;
V Rp
H=V,; 9)
v
¢, =0, _R_d);

(10)

Op, + Q,

_ T
=B Oy, +Q,
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The Earth’s model is described as following:

R __ 4o0SQ
o= sin® ¢
a(l—ez)

R =———— 4+ H;

m 3

(1 — e’ sin’ q))E

+ H cos;

(12)

r :—g(l+5.2884-10’3 sin’ (p) {1—2150{(1—@ sin’ (p)}

The initial parameters for navigational calculations
are: strapdown gyrovertical information about the projec-
tions of angular velocities and accelerations on the axes of
the body-fixed coordinate system, initial values of the
geographic course g, roll v, pitch 8y obtained as a re-
sult of the initial alignment of gyrovertical. Also initial
coordinates are used: geographic longitude ¢y, geographic
longitude A, and initial flight altitude H,. In the case of
alignment on vehicle, projections of the initial speed of
UAYV are introduced as initial conditions: V,,, V5, Vo -

The constants in the algorithms of navigation calcula-
tions are:

— the Earth’s angular velocity: Q,=7.27-10 rad/sec;

— semi-major axis of the ellipsoid of revolution
a=6378388 m;

— eccentricity of rotation ellipsoid e* = 6.7227- 10_3;

— acceleration of gravity force at the equator
2 =9.78045 m/sec’;
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— radius of a the
Ry=6371116 m.

Initial conditions are calculated as following:

sphere equal to geoid

an :&”[COS%
J1-¢’sin’ @,
a(l-¢€
=)

my 3 0°

(1 -’ sin’ o, )E

0

® _ VLO _ V(po .
Dpy T R > Ly T R ?
Po K
Py, = P> Dpyg = D, (SINQ,, 5

Qg =Q;sing,; Q, =—€;cosq,.

Moreover, the initial transposed direction cosine ma-
trix is calculated by the initial values of the geographic
course Wy, roll yo, pitch 8y. It must be noted that geo-
graphic course \, is converted to the yaw angle as o=
=90° — Y.

Initial direction cosine matrix is calculated by (6) and
then the initial values of angular speed components can be
obtained:

O, + QmO

XoLRy

_ T
=B, Oy, +Qp |-

VoL,

()
ZoLry Lyo

Further, at each step, using the information from
strapdown gyrovertical about the projections of angular
velocities and accelerations on the axes of the body-fixed
coordinate system, equations (4)—(12) given in the algo-
rithm are successively solved.

If necessary, the navigation algorithms can be sup-
plemented by the equations for calculating the ground
speed Vg, the track angle ¥ and the angle of trajectory

inclination ®
ANGEA

. 14
® = arcsin ——=%——;
V2 +V2+V}
v,
¥ = arccos L

Also, if necessary, the SINS operation algorithm can
be divided according to the required calculation speed
into three stages characterizing the fast, medium and slow
calculation pace. Strapdown gyrovertical algorithms are
carried out at the fast calculation rate (about 200 Hz).
Here the updating and precise processing of signals are
done for integrating the primary information sensors.
SINS algorithms use the already processed information on
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the projections of angular velocities and accelerations on
the axes of the body-fixed coordinate system.

In the above algorithms, the SINS alignment algo-
rithms and algorithms for pre-flight calibration of primary
information sensors are not implemented. It is believed
that this problem is solved in the strapdown gyrovertical
at the stage of pre-flight preparation.

4 EXPERIMENTS

The studies were carried out using Simulink visual
modeling program, which is part of the MATLAB univer-
sal mathematical programming package.

During the simulation, the following subsystems were
created and used: subsystems of the reference (ideal) na-
vigation system “E _HC” and the investigated SINS
“BINC”, subsystems of the Earth model (reference
“E Zemlya” and simplified “Zemlya”), subsystem of au-
tomatic control system and of primary information sen-
sors «CAY-Datchiki». In addition, the subsystem for reg-
istering simulation results “Registration” and the subsys-
tem for specifying parameters (initial conditions) of simu-
lation “Start_napametru” were created.

The general interface of simulation block diagram is
shown in Fig. 2.

Mathematical models of the reference navigation sys-
tem and the studied SINS were built on a hierarchical
principle. The subsystem “BINC” (Fig. 3a) consists of the
several subsystems: “Accelerations” (Fig. 3 b), “Angular
speeds” (Fig. 3 c), “Linear speeds” (Fig. 3 d), “Coordi-
nates” (Fig. 3 e).

In the subsystem “Accelerations” equations (5)—(8) of
the SINS algorithm are solved, and the transposed matrix
B is also formed.

The subsystem “Angular speeds” models equation (4)
for the components of the angular velocity in equation (9)
and equation (12).

The subsystem “Speeds” simulates the equations (9)
and projections speed vector components on LTP coordi-
nate system.

The subsystem “Coordinates” solves equations (10) of
the SINS algorithm.

The block diagram of ideal navigation system is repre-
sented in Fig. 4 without opening the corresponding sub-
systems since they are much similar to previously ex-
plained except including sources of errors (both instru-
ment and measurement-method ones).

The Earth model is simulated in the block “Zemiya”.
Here the components of the angular velocity of the
Earth’s rotation Qg, Qg, are calculated together with
components of gravity force according to equations (12).
Depending on the given assumptions, the Earth can be
represented by a sphere or spheroid; rotating or not rotat-
ing. These changes are made from the “Start napametru”
subsystem.
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Figure 2 — Block diagram of Simulink scheme with specifying parameters (initial conditions) of simulation together with subsystems
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5 RESULTS Given that the primary information sensors should be

The main contribution to the dead reckoning errors of
the navigation parameters is still made not by the meas-
urement-method errors of the SINS algorithms, but by the
instrumental errors of the primary information sensors.
The available technical documentation for strapdown gy-
rovertical CBKB-II2A  (Operation Manual KUWUH/.
402113.029) contains information on the measurement
error of the components of the angular velocity
(£26) = 40.1 °/sec and overload (+2c) =t 0.01 (i.e., er-
rors in acceleration measurement (+2c)=+0.1 m/sec?).
Considering the type of sensors used in sensor unit (be-
sides it is thermostated): angular velocity sensors based
on dynamically tuned gyroscopes and linear acceleration
sensors based on pendulum accelerometers, it can be as-
sumed that the characteristics of such sensors should be
three...four orders of magnitude more accurate than de-
clared in manual.

In particular, strapdown gyrovertical CBKB-I12A has
the alignment mode based on gyrocompassing. This mode
involves measuring the angular velocity of the Earth s
rotation Qy=0.00416°sec, i.e. the accuracy characteris-
tics of the angular velocity sensors should allow such a
value to be measured. Given that in the course channel,
strapdown gyrovertical CBKB-I12A has two angular ve-
locity sensors, in order to increase the accuracy of meas-
uring small angular velocities, it can be assumed that the
accuracy characteristics of the used gyros are at the limit
acceptable for systems of this class. In the future, we as-
sume that the measurement error of the components of the
angular velocities should be at least an order of magnitude
smaller than the angular velocity of the Earth’s rotation
and be (x2c0) = £0.0001...0.0005°/sec.
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equivalent, i.e. the influence of the errors of the angular
velocity sensors and accelerometers on the overall error of
the navigation system should be approximately the same;
it can be approximately calculated that the error of the
accelerometer  should be  within the range
(£26) = £0.01...0.05 m/sec’.

With such maximum values of the errors of the pri-
mary information sensors, a series of experiments were
carried out to evaluate the accuracy of the calculation of
navigation parameters using truncated SINS algorithms.
As output parameters, errors in calculating the angular
orientation parameters of UAV: roll and pitch angles,
course angle, as well as components of the UAV speeds,
were estimated. During the research, the errors of the
primary information sensors and the flight conditions of
the aircraft varied: medium, high and low latitudes; direc-
tion of flight (along and across the meridian; on and
against the direction of rotation of the Earth), etc.

Figure 5 illustrates the typical behavior of the change
in the dead reckoning errors of navigation parameters:
heading, roll, pitch by using algorithms of strapdown gy-
rovertical under for measurement errors of the compo-
nents of the angular velocity by roll and pitch in
0.0002°/sec, in course 0.0001°/sec ( in the course channel
of the system, in order to improve the accuracy of course
reckoning, two angular velocity sensors are installed).
The accelerometer errors were 0.02 m/sec’ (the error sign
was chosen arbitrarily for different sensors). Launch con-
ditions were: 10° of northern latitude, 50° of eastern, ini-
tial ground speed was 400 km/h; initial flight altitude was
500 m.

With such errors of the primary information sensors,
the strapdown gyrovertical fully meets its functionality as
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attitude-and-heading reference system. The errors in dead
reckoning of roll and pitch angles do not exceed 0.4° per
hour of flight (the errors declared in the system specifica-
tion sheet are 0.5°). The dead reckoning errors of course
does not exceed 0.25° per hour of flight (the errors de-
clared in the system specification sheet are 0.3°). Such
level of accuracy characteristics of the sensors are used
for further research.

If the errors in determining the roll and pitch angles,
changing with the period of Schuler pendulum, do not
exceed the required values, then the error in determining
the course has a component that grows proportionally to
the flight time. Namely this fact forces the developers to
use the magnetometer as a correction device in the course
channel.

In addition to estimating the errors in dead reckoning
the parameters of the angular orientation, the study was
also conducted to investigate the accuracy of the dead
reckoning of the navigation parameters of the UAV tra-
jectory motion: coordinates and velocity components un-
der the same errors of the primary information sensors.
Errors in dead reckoning the parameters of the UAV tra-
jectory motion substantially depend on the launch condi-
tions, in particular, on the latitude and direction of flight.
Moreover, it was revealed that a change in the start condi-
tion causes, as it were, “overflowing” of errors from the
latitude channel to the longitude channel and vice versa.
Figure 6 shows the typical behavior of the change in the
errors of dead reckoning coordinates and velocities with
an approximately uniform distribution of errors in two
channels.
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Figure 6 — Errors in coordinates and velocity components

© Mukhina M. P., Filyashkin M. K., 2019
DOI 10.15588/1607-3274-2019-4-15

163



e-ISSN 1607-3274 PagioenexrpoHika, inpopmaTuka, ynpasainss. 2019.
p-ISSN 2313-688X Radio Electronics, Computer Science, Control. 2019.

Ne
Ne

4
4

6 DISCUSSION

Errors of the components of the aircraft speed reach
30...50 m/s per hour of flight and this information is prac-
tically not used by consumers (a similar situation occurs
in the platform gyrovertical). Errors in the calculation of
coordinates with such primary information sensors are
generally unacceptable (70...80 km per hour of flight),
which once again confirms the impossibility of creating
an autonomous SINS on their basis.

Systems of this type can only be used when integrat-
ing them with other navigation systems, in particular with
SNS. In this case, SINS interpolates the values of the na-
vigation parameters between two adjacent moments of
information coming from SNS, and also provides naviga-
tion information to consumers with a short-term loss of
signals from satellites. With long interruptions in the SNS
operation, SINS should be integrate with other navigation
systems.

CONCLUSIONS

The urgent problem of mathematical support devel-
opment is solved to automate the sampling at diagnostic
and recognizing model building by precedents.

The scientific novelty is the following. At first the
novel approach has been proposed in the using two mod-
els of SINS instead one: ideal one, free from all errors,
and the real one with selected variants of error sources.
Unlike known approach, such technique allows us to es-
timate accuracy characteristics of SINS and degree of
participation of primary information sensor errors in
them.

The practical significance of obtained results is that
the software realizing the proposed three-level algorithms
of SINS operation is developed, as well as simulation to
be conducted and proved by comparing with test results
of strapdown gyrovertical CBKB-I12A.

Prospects for further research are the following.
The conducted studies confirm the dependence of the
accuracy of the dead reckoning navigational parameters
on the performance of UAV maneuvers and on other fac-
tors, in particular, on the mismatch of the installation lo-
cation of SINS block with the center of mass of UAV, but
with sufficiently vigorous maneuvering. For further re-
search, information is required on the aerodynamic char-

V]IK 629.735.051:681.513.5(045)

acteristics of a particular type of UAV, as well as on the
algorithms of its control system.
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KOMITPIOTEPHE MOJIEJIIOBAHHSI TOUHICHUX XAPAKTEPUCTHUK BE3ILUIAT®OPMEHHOI
IHEPHUIAJIBHOI HABITAHIMHOI CUCTEMH
Myxina M. I1. — 1-p TexH. HayK, npodecop kadenpu aBialiiiHUX KOMIT FOTEPHO-IHTErpoBaHMX KOMILIEKCiB HarlioHaapHOTO aBialiitHOro

yHiBepcutery, KuiB, Ykpaina.

i.]'lfll.[ll(i]-[ . . — KaHIuaaT T€XH. HayK, IIpo@PeCcop Kapeapun aBiaHiﬁHHX KOMII HOT€] HO—iHTeF OBaHUX KOMHHCKCiB aI_IiOHaJ'II)HOI‘O
@ M. K : ’ H

aBiauiifHoro yHiBepcurety, Kui, Ykpaina.

AHOTALIA
AxTyanbHicTh. Posrimsanaerscs 3amada kopeknii pobotu Oe3matdopMeHHO] iHepIiaabpHOI HaBiraniifHoOI cHCTeMH, IO BUKOPHUCTOBYETh-
cs1 Ha OOpTY OE3MIIOTHOTO JITANBHOTO amapary. 3aBAaHHIM JOCHTIKEHHS OYyJI0O MOJICIIOBaHHS TOYHICHUX XapaKTEPUCTUK Oe3riaTthopMeH-
HOI 1HepLiaIbHOT HaBITraIiifHOI CHCTEMH Ha OCHOBI BiloMHX (200 33/1aHHX) IHCTPYMEHTAILHUX MMOXHOOK 11 JaTYHKIB.
MeTa po60TH — pO3pOOUTH MaTeMaTHYHY Ta KOMIT FOTEpHY MOJENb 0e3Iu1aT)OpMEHHOI iHepIianbHOI HaBiraiHOT CHCTEMH Ta OLIIHUTH
TOYHICHI XapaKTepPUCTUKH Ha OCHOBI 3aJ1aHUX 3HAYCHb IIOXHOOK JaTUHKA.
Merton. Po3pobieHo MaTeMaTHuHy Ta KOMIT IOTepHY MOJeli 6e3rmiaTgopMeHHOI iHepIiadbHOl HaBIralliifHOI CHCTEMH Ha OCHOBI MOBLIb-

HHUX, CEPE/IHIX Ta MBUIKUX LUKIIB 00uKciaeHHs. {Jsi MOIeOBaHHS TOUHICHUX XapaKTepHCTHK Oe3raTopMeHHa iHepIliajbHa HaBiramiitHa
CUCTeMa MOMAETHCS Y BUITISAII CHCTEMH IUHAMIYHHMX Ta KIHEMAaTHYHUX PIBHSHB Yy MICIEBIH I'€OTOMIYHIA CHCTEMH KOOPAMHAT i3 0OpaHOIO
MOJIEIUTIO 3eMJIi 3 ypaXyBaHHSIM KOMIIOHEHTIB IPHUCKOPEHHS CHIIM TsDKiHHSA. Mogeni AaTurKiB po3po0IieHi Ha OCHOBI XapaKTEepUCTUK HEI0-
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POTHX MiKpOENEKTPOMEXaHIYHHUX JAaTYHKIB, 1[0 BUKOPHUCTOBYIOTHCS Ha OOPTY. ANTOPHTMH CHHTE3y JaHHX paHillle Bxke OyIn PO3IIIAHYTI i
BKITIOYaOTh MomudikoBanuii GpinbTp Kanmana abo, B eSKUX BUMAAKAX, KOMIUTIMEHTAPHUI (DIIBTp 32 CXEMOK KOMIICHCAlli, ale TyT Je-
TaJILHO HE PO3IIISAAAI0ThCS. MaTpHILs HANPSMHUAX KOCHHYCIB JUIsl aJITOPUTMIB YHCIICHHS IIUTAXY 1HEpLiabHOT HaBiraiii 3HaiJeHa 3a METOJIOM
ITyaccona.

PesyabTaTn. Po3pobieni Moneni Oyinu peainizoBani Ta 3MojensoBaHi B cepenosuili MATLAB + Simulink. IToyaTtkoBi mapamerpu (1io-
XHOKH MEPBHHHUX JaTYMKIB iH(OPMAIIT Ta YMOBH MOJBOTY) MiJ] 4aC MOJCTIOBAHHs OyJH Pi3SHOMAHITHUMH: Cepe/iHi, BUCOKI Ta HU3bKI IIH-
POTH; HANPSIM TOJILOTY (B3JI0BXK 1 IPOTH MEpHIiaHy; 3a Ta IPOTH HANPIMKY 0OepTaHHs 3eMli).

BucHoBku. Po3po6eni mMozeni Ta iX BunpoOyBaHHs OyiM NMOpiBHsHI 3 (akTHUHUMH pe3ysibTaTaMM TecTyBaHHs Oe3miaTdopMeHHOT
kypcoBeprukani CBKB-II2A Ta migTBepaunu cBoo oOIpyHTOBaHiCTh. lle 103BONgE DPEKOMEHIYBAaTH IX JUIi BHKOPUCTaHHS IpH
MPOCKTYBaHHI iHEpIialbHOT HAaBIraliffHOI CHUCTeMH OE3MIIOTHOTO JITAIBHOTO amapary, a TaKoX sl eKCIEPUMEHTAIBHOTO BUBUYCHHS
IHHOBaLIHUX aJITOPUTMIB CHHTE3y 0OpOOKH AaHUX JUIsl IHTErpOBAaHOI CYMYTHUKOBOI Ta iHepIiaabHOT HaBIraiifHOT CHCTEMH.

KJIFOYOBI CJIOBA: 6e3mnardopMeHHa iHepHianbHa HaBiramiiHa cHcTeMa, CyIyTHHKOBA HaBirariiiHa cucteMa, Oe3miaTdopMeHHa
KypCOBEPTHUKAIb, YUCIICHHS IIUIAXY, KOMIUIEKCYBaHHs iH(opMarrii.

YK 629.735.051: 681.513.5 (045)
OILIEHKA TOYHOCTHBIX XAPAKTEPUCTHUK BECILUIAT®OPMEHHOM UHEPIIUAJIBHOI HABUTALIMOHHOM
CUCTEMBbI

Myxuna M. II. — 1-p TexH. HayK, npodeccop kadeapbl aBHAMOHHBIX KOMITBIOTEPHO-UHTETPUPOBAHHBIX KOMILIeKcoB HannonansHOro
aBMAIMOHHOTO yHUBepcuTeTa, Kues, Ykpauna.

@Owisimkun H. K. — xaHz. TexH. Hayk, npodeccop KadeIpbl aBHAlMOHHBIX KOMITBIOTEPHO-MHTETPUPOBAHHBIX KOMIUIEKCOB HarmoHans-
HOTO aBHAIlMOHHOTO yHUBepcuTeTa, Kues, Ykpanna.

AHHOTALUSA

AkTyalbHOCTB. PaccMaTpuBaercs 3aja4a Koppekuuu paboTsl 6ecriaTGopMeHHOH HHepIUaNbHONH HABUTALIMOHHON CHCTEMBI, HCIIOJb-
3yeMoil Ha 60pTy OECHUIOTHOTO JISTATENBHOTO annapara. 3aaaqeil uccieoBanus ObUI0 MOJICITUPOBAHHE TOYHOCTHBIX XapaKTEPUCTHK Oec-
m1aThOPMEHHOW WHEPHUATBHON HABHUTAIIMOHHON CHCTEMbI HA OCHOBE M3BECTHBIX (MM 3aaHHBIX) MHCTPYMEHTAIBHBIX MOTPENIHOCTEH ee
JIATYUKOB.

Ilesb padoThbl — pa3paboTaTh MaTEMATHYECKYIO M KOMIIBIOTEPHYIO MOJeb OecIIaT()opMeHHbIe HHEPLUAIbHOI HaBUTalMOHHON CHCTe-
MBI ¥ OLIEHUTh TOYHOCTHBIC XapaKTEPUCTUKU HA OCHOBE 33IaHHBIX 3HAYECHHH MOTPEIIHOCTEN 1aTUHKa.

Meron. Pa3paborana maremartuueckas W KOMIIBIOTEpPHAas Mojenu OecruiarOpMEHHON HHEpPIHAIbHONW HABUTAMOHHOW CHCTEMBI Ha
OCHOBE MEJUICHHBIX, CPEIHHMX M OBICTPBIX ILMKJIOB BBIYMCIECHUS. [t MOAEIMPOBaHMS TOYHOCTHBIX XapaKTEpHCTHK OecruiaTdopMeHHas
HHEpLHalbHas HABUTAIIMOHHAS CHCTEMa IPEJICTABISIETCS B BHIC CHUCTEMbl JMHAMHUYSCKUX W KUHEMATHYECKHX YPaBHEHHMH B MECTHOM
reOTONMHMYECKOIl CHCTeMe KOOPIMHAT C BBIOPaHHON MOJIENBIO 3eMIIM U C Y4ETOM KOMIIOHEHTOB YCKOPEHHS CHIIBI TSHKECTH. MoJenn 1aT4uKoB
pa3paboTaHbl HA OCHOBE XapaKTEPUCTHK HEOPOrUX MUKPOIIEKTPOMEXaHUYECKHX AaTYMKOB, UCIIOIb3YEMbIX HA OOPTY. AJTOPUTMBI CHHTE3a
JMaHHBIX paHee Yyxe OBUIM pacCMOTPEHHBIE W BKIIOYAIOT MoAupuIMpoBaHHbB ¢GmibTp KammaHa winm, B HEKOTOPBIX CIy4asiX,
KOMIUTUMEHTAPHBII (HIBTP MO cXeMe KOMIICHCAIMH, HO 3/1eCh MOAPOOHO HEe paccMaTpuBaloTCs. MaTpuIiia HAPAaBISIONIMX KOCHHYCOB JUIs
ITOPUTMOB MCUUCIICHHS ITyTH HHEPLMAIbHON HABUTAlMK HaiiieHa MetonoM [lyaccoHa.

Pesyabratsl. PazpaboranHble Mojeny ObUTH pean3oBaHbl U cMozenupoBansl B cpeie MATLAB + Simulink. HauansHble napaMeTpsl
(OrpenHoCTH NepPBUYHBIX AATYMKOB MH(OPMALMK M YCIOBHS MOJIETA) IIPU MOASIHPOBAHMU ObUIM Pa3HOOOPA3HBIMU: CPEIHUE, BBICOKHE U
HU3KHE HIMPOTHI; HAIIPABICHHE 10JIeTa (BJ0JIb U IPOTHB MEPHUIHAHa, [0 U IIPOTUB HAIIPABICHHS BPALICHHS 3EMIIH).

BoiBoabl. PaszpaboranHble MOIENM W MX UCHOBITAaHMS ObUIM  CpaBHEHbI C (aKTHYECKMMH pe3yJbTaTaMH TECTHPOBAHHE
6ecruaropmenHoit  kypcoseptukann CBKB-I12a u moarBepauan cBor 00OCHOBAaHHOCTb. DTO IMO3BOJIIET PEKOMEHIOBATh WX JJIs
WCTIOJIB30BAHUS NPH IPOSKTUPOBAHNH HHEPLUHUAIBHOW HABUTAI[MOHHOW CHCTEMBlI OECIIIOTHOTO JIETAaTENBbHOTO allapara, a Taioke Uit
9KCIIEPUMEHTAIBHOTO HW3YYCHUS] WHHOBALIMOHHBIX aJIrOPUTMOB CHHTE3a OOpaOOTKM [aHHBIX Ui WHTETPUPOBAHHOM CITyTHHKOBOH H
HMHEpIMaNIbHON HaBUTAlIMOHHOM CUCTEMBI.

KJUIFOYEBBIE CJIOBA: GecruaropMeHHasi WHepLHalbHasi HABUTAllMOHHAs CHUCTEMa, CIyTHHKOBAs HABUTAllMOHHAs cucTeMa, Oec-
1aTOpMeHHasE KYpCOBEPTHKANb, CUMCIICHHE [Ty TH, KOMIUICKCHPOBAHHE HHPOPMAIIHH.
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