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ABSTRACT

Context. Modern theory and practice of preparation and conduct of hostilities on land, at sea, in the air, and recently in cyber-
space dictates the relentless modernization of military equipment. The development of fundamentally new weapons is carried out
considering one of the main requirements — maximum automation of operational processes, which allows combatants to distance
themselves from each other as much as possible.

Among the newest models of armaments on the battlefield, due to the predominantly positional nature of the armed confronta-
tion, unmanned aerial vehicles (UAVs) have become virtually indispensable due to their own multitasking. One of the ways to in-
crease the efficiency of UAVs on the battlefield is to increase the level of technical perfection of flight control systems.

Creating new approaches to the design of unmanned aerial vehicle navigation systems, in particular, based on a platformless iner-
tial navigation system is an urgent task that will provide automatic control of the UAV flight route in the absence of corrective sig-
nals from the global satellite navigation system.

Objective. The purpose of this work is to develop a method for improving the accuracy of MEMC navigation data processing of
an inertial navigation system of an unmanned aerial vehicle based on an advanced Madgwik filter.

This method will increase the speed of data processing of navigation parameters and the accuracy of determining the positioning
parameters in the space of the UAV through the use of an advanced Madgwik filter.

The paper shows the developed block diagram of MEMS PINS filtration on the basis of the improved Madgwik filter, the de-
tailed mathematical description of filtration processes is carried out.

This method was tested experimentally in the MATLAB software environment using a real set of data collected during the flight
of the UAV.

Method. To achieve this goal, the following methods were used: intelligent systems, theory of automatic control, pseudo-spectral
method; methods based on genetic algorithm and fuzzy neural network apparatus.

Results. A method for improving the accuracy of MEMC navigation data processing of an inertial navigation system of an un-
manned aerial vehicle based on an advanced Madgwik filter has been developed. The possibility of practical application of the ob-
tained results and in comparison, with traditional methods is investigated. An experiment was performed in the MatLab software
environment, and a comparison was made with the method of processing navigation data based on the Madgwik filter and the Kal-
man filter.

Conclusions. The developed method of increasing the accuracy of MEMC navigation data processing of an inertial navigation
system of an unmanned aerial vehicle based on an advanced Madgwik filter shows an advantage over known methods in the absence
of corrective signals from the global satellite navigation system for accuracy and speed of navigation data processing.

KEYWORDS: automatic control intellectual system, navigation system, unmanned aircraft vehicle.

ABBREVIATIONS RKF is a recursive Kalman filter;
MEMS is a micro-electromechanical system; RMSE is a root mean square error.
PINS is a platformless inertial navigation system;
SLERP is a spherical linear interpolation algorithm; NOMENCLATURE
LERP is a linear interpolation algorithm; o — angular velocity;
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4w, — quaternion of UAV orientation;

mg’t — the resulting angular velocity vector of the lo-
cal frame of reference of the gyroscope sensor (rad / s);

§ -1~ the quaternion of the preliminary estimation
of orientation (at #—1 step of the local frame of reference S
relative to the global frame of reference E);

® — Hamilton’s product;

At — time interval of initial data processing;

g1 — forecasting quaternion;

q pos,~—1 — quaternion of orientation of the previous
state;

a® +Aa’ —initial accelerometer data with an errors;

gE — gravity vector data;

q*ES — inverse quaternion orientation;

I — the rotation vector of the magnetic relative field to
the sensor reference system;

mS +AmS — magnetometer data with an errors;

G — quaternion of the optimal number of operations
of rotation of the vector 1 in the vector projection lying on
the positive half-plane Z relative to the global coordinate
system;

RT (qmag) — matrix of rotation of the magnetometer

quaternion data;

Aqmag — the result of calculating of the delta quater-
nion values of the magnetometer relative to the global
frame of reference;

Aqacc — the result of calculating of the delta quater-
nion the values of the accelerometer relative to the global
frame of reference;

gf — vector of predicted gravity relative to the global

frame of reference (UAV positioning);

u,, — unit vector describing the axis of rotation;

“5 S “ — normalization of accelerometer data of the lo-

cal frame considering of the gravitational constant
g=9.81m/c%;

€ — the threshold value of the gain;

o — gain, which characterizes the cut-off frequency of
high-frequency pulses of the accelerometer signal;

gv(ry — the quaternion is obtained using the Nesterov

gradient descent algorithm;
& — response time when tracking the drift of zero dis-
placement of the gyroscope;

bgos — quaternion of values of orientation deviation;

4 pos,, — the result of calculating the values of the qua-

ternion of orientation prediction;

B — gain that is set adaptively, based on the character-
istics of the sensors and the presence of errors in inertial
Sensors;

0 — pitch angle navigation parameter, (deg);

¢ —yaw angle navigation parameter, (deg);

v —roll angle navigation parameter, (deg);

S —the index of the local calculation system;
E —the index of the global calculation system;
pos — the symbol of the local calculation system;

acc — the symbol of accelerometer;
mag — the symbol of magnetometer.

INTRODUCTION

Today, navigation systems are built using completely
different technologies, and can perform a wide range of
functions, depending on the requirements of the technical
task.

The basis of navigation systems for unmanned aerial
vehicles is GPS-receivers, which in combination with the
block of inertial sensors form the input data for their
processing and conversion into navigation.

Thus, the presence of signals from global satellite sys-
tems is a prerequisite for maintaining the flight control
process of the aircraft. The absence or pre-planned pres-
sure of navigation signals leads to the impossibility of
accurately determining their own coordinates and, as a
consequence, following a certain route.

Existing methods [1-3] do not allow to ensure minimal
deviation of the UAV trajectory in the autonomous mode
of flight during the disappearance of signals of GPS, espe-
cially in the correlation period close to the disappearance of
the GPS signal in the time interval (from 10 up to 300 s),
which can be critical for the entire mission of the flight and
the loss of the UAV in 38% of cases [4-6].

It is known that the determination of positioning data
of UAV miniature type, as a rule, is based on an inte-
grated MEMS free platform inertial navigation system
(PINS) based on microcomputers such as Arduino Nano.

Thus, there is a need to reduce the computational load
on such microcomputers during dynamic exposure to the
environment, ie during nonlinear motion and in the pres-
ence of random perturbations.

The use of high-precision inertial navigation systems
also does not completely solve the problem for the fol-
lowing reasons:

1) high cost of such systems;

2) restrictions on mass and dimensions;

3) the difficulty of minimizing errors in determining
the coordinates with the time of autonomous operation.

The growing interest of scientists in intelligent control
systems based on artificial neural networks, gives grounds
to argue about the qualitative advantage of the latter on
the performance of miniature drones. In addition, their use
can significantly reduce the cost of such systems. There-
fore, the intellectualization of management systems in
modern conditions is one of the main scientific and prac-
tical areas of their improvement.
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1 PROBLEM STATEMENT
Suppose that at some small UAV moving at an arbitrary
constant given speed, a platformless inertial navigation
system built on the basis of MEMS—sensors is installed,
with the input data data with an errors

{mg,t +bgos,as +Aa® ,mS +AmS}.
To compensate for the deviations in the installation of
navigation parameters {6, (p,\u} in the process, it is pro-

posed to apply filtration algorithms — RKF, Madgwick
and developed advanced Madgwick, with a minimum
RMSE criterion in the conditions of sudden disappearance
of GPS signals, in order to minimize the deviation of the
UAV flight path from the one A (t)= min.

2 REVIEW OF THE LITERATURE

Analysis of recent publications has shown that the ba-
sic principle of filtering algorithms for navigation systems
of inertial sensors MEMS is based on the evaluation of
data comparison of two reference systems, relative to
gravity and local magnetic field, compared with the refer-
ence vectors of the output signal. However, when the lo-
cal magnetic field is disturbed by ferromagnetic objects
(electrical devices), which leads to problems in determin-
ing the course of the UAV, as a consequence, the need for
more sophisticated filtering algorithms is stated [5].

To date, the main methods of increasing the accuracy of
position estimation in the autonomous mode of UAV based
on MEMS sensors of inertial navigation systems are shown
in [6], which proposes an optimal algorithm that calculates
the estimate in quaternion form taking into account a set of
reference vectors in a fixed system. computing data in a
local frame of reference relative to a UAV in space that
finds the optimal quaternion by parameterizing the orienta-
tion matrix, by minimizing quadratic gain, and by using
Web loss functions [7]. However, such methods have high
computational requirements for sampling rate, often ex-
ceeding the bandwidth of the object.

Eston and others [8] introduced a quaternion-based fil-
ter, the filter is supplemented by a first-order model of
UAV dynamics to compensate for the effect of external
acceleration. Mahoney and Hemel [9] investigated the
problem of estimating zero drift of a gyroscope using a
passive additional filter, and proposed a solution in the
form of a nonlinear correcting device, but there is a diffi-
culty in implementing this type of navigation algorithms
for micro UAV class (minimum computational computer
requirements micro UAV).

Marins and others [10] propose two different ap-
proaches to solve the problems of autonomous UAV na-
vigation based on the use of Kalman filter to assess the
orientation in the quaternion form of MEMS PINS. The
first approach uses each MEMS data output with a mag-
netometer in a 9-component state vector, which leads to
the use of a complex Kalman extended filter (RKF) algo-
rithm, the second approach uses an external Gauss-
Newton algorithm to directly estimate the measurement of
angular velocity quaternion’s. In this case, the relation-
ship between the process and the measurement model is

linear, which allows the use of an approximate Kalman
filter, but for the process of calculating object kinematics
(UAV) in three projections, requires a large number of
state vectors and implementation of an extended Kalman
filter to linearize the problem. does not meet the require-
ments for the use of navigation systems based on MEMS
Sensors.

Scientific work [11] presents a similar approach based
on improved RKF, where the process of determining the
position of the UAV is based on magnetometer vector
data, and the MEMS PINS error model is built as a
Gauss-Markov process to predict the reduction of zero
drift of the gyroscope in magnetically inhomogeneous
media. The advantages of the advanced Kalman filter in
[12] include the process of predicting the navigation pa-
rameters of UAVs in space using a probabilistic model,
which significantly reduces the distortion of the input
signals of MEMS sensors, but increases the need for
computationally complex iterative processes for linear
regression algorithms.

In the work of the Madgwik filter [13], a filtration al-
gorithm with a constant gain is used to assess the state
(positioning) of the UAV in quaternion form based on the
MEMS data of the inertial navigation system. First, the
quaternion estimate is obtained by integrating the original
gyroscope data, and then corrected by the quaternion
based on the accelerometer and magnetometer data. The
next step of the algorithm is the process of calculating
data streams using the batch gradient descent algorithm.
The Madgwik method can compensate for the effect of
ferromagnetic errors on the orientation component, and
provides a better estimate of positioning at low computa-
tional operations.

3 MATERIALS AND METHODS

The method of increasing the MEMS data processing
speed of an inertial, UAV navigation system based on an
advanced Madgwik filter is based on quaternion algebra.

Formalization of the proposed method occurs in three
stages:

1. Stage of forecasting. At this stage, the process of
calculating the angular velocity vector based on the meas-
urement of gyroscope data, which determines the orienta-
tion of UAV in space, first calculates the quaternion de-
rivative, which describes the rate of change of orientation,
as a product of the previous position in space on the angu-
lar velocity vector.

2. Correction stage. In this step, the correction process
of navigation parameters using the delta quaternions of
the magnetometer and accelerometer.

3. Stage of adaptive adjustment based on gyroscope
indicators.

At the time of dynamic motion of the UAV (series of
turns) with highly dynamic acceleration, the accelerome-
ter sensor data cannot be corrected [14], so an adaptive
correction factor based on gyroscope data is used using
the Nesterov gradient descent algorithm [15].

Figure 1 shows a block diagram of the filter of inertial
measuring devices based on the advanced Madgwik filter.
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Figure 1 — Block diagram of MEMS PINS filtering based on the advanced Madgwik filter

Description of the blocks of the algorithm for increas-
ing the data processing speed of the MEMS inertial, UAV
navigation system based on the advanced Madgwik filter:

Block 1 — adjustment of the initial data of the gyro-
scope and integration;

Block 2 — accelerometer data processing;

Block 3 — block of magnetometer quaternion deltas;

Block 4 — accelerometer and magnetometer data filter-
mg;

Block 5 — accelerometer and magnetometer data cor-
rection in quaternion form;

Block 6 — adaptive gyroscope data correction.

The work of the algorithm begins at the stage of fore-
casting and initialization of initial data.

In block 1, similarly to the algorithm proposed in the
work of Madgwik, the initial estimation of UAV orienta-
tion in space is performed by calculating the orientation
quaternion derivative using array velocity angular veloc-
ity MEMS arrays relative to the local frame of reference.

However, it should be noted that in contrast to the
Madgwik algorithm, the proposed method uses the deriva-
tive of the inverse Valenti orientation function [16],
which is calculated using the inverse unit of the conjugate
quaternion, given in equation (1):

S. _E.* l s F
E90,t=89 ot :_qu,t®SQ,t71 > (1

where o);j’t =[0 oy oy0,].

In addition, there is integration (Fig. 1) by processing
the input data of the gyroscope in quaternion form

dg1+1 =9 posi—1 T oAt 2)

In block 2, the data of three axial accelerometers and
errors are processed. Functionally, in the MEMS module
of the accelerometer, the process of measuring linear ac-
celeration takes place, calculating the vector of the mag-
nitude and direction of the gravitational field relative to

the local coordinate system in the form of a quaternion
function R(q}g,t)gE =a% +AdS.

Calculation of gravity vector data allows you to find a
quaternion that performs the conversion operation be-
tween two reference frames, based on accelerometer and
magnetometer data:

0 a.
R(qqcc )R(qmag) 0= a, |-
1 a.

In block 3, at the output of the three-axis magnetome-
ter is measuring the magnitude and direction of the
Earth’s magnetic field in the local frame of reference,
taking into account local ferromagnetic distortions. The
geomagnetic field is determined relative to the geographi-
cal position of the object in space, using the World Mag-
netic Model [17].

At the next stage of the algorithm, the delta quaternion
of the magnetometer and the inverse quaternion of orien-
tation are used, which describes the rotation vector of the
magnetic field of the sensor reference system, which is
shown in equation (3).

Rlg)S S =1 3)

(0]
The next step is the process of calculating the quater-

nion G = 1)% + 1)2, , to calculate (4)

1.1 |JG
T
R (Gmag )= | 1y | =| 0 | o
lZ lZ

Thus, there is a process of minimizing the influence of
ferromagnetic errors on the magnetometer.

In block 4, there is an adaptive correction of the input
data of the accelerometer and magnetometer.
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At the first stage there is a process of forecasting the
quaternion in the components of the angles of roll and
tango. The result of calculating the values of the delta
quaternion of the accelerometer, we obtain by the formula

T

gz+1 gy 8z 0
+1)

2 J2le. +1) e

then there is the process of calculating the delta
quaternion of the magnetometer

| lreng 1,
M T Heeids))

The magnetometer delta quaternion describes the
process of rotation around the global coordinate system of
the Z axis, aligning the global X axis in the positive direc-
tion of the magnetic field. With this formulation, the
process of calculating the turn does not affect the compo-
nents of the yaw (course) and pitch, even in the presence
of magnetic perturbations, limiting their impact only on
the roll angle. Thus,

Aqmag = [Aq()mago OAq.’smag]T :

Then, subject to the receipt of the magnetic field esti-
mate, there is a correction of the vertical component of
the quaternion of orientation

Aquee =

T

S N A A
9 = qu O Agyee ® Aqmag' (5)

However, predicting the magnitude of gravity has a
deviation from the real vector of gravity, so there is a cor-
rection using the delta quaternion Aq,,.., which converts

the gravitational data of the global frame of reference qf;

in predicted gravity gg :

RlgiS * = g (©6)

(o)

Next is the transformation of the normalized UAV po-
sitioning data vector

0
R(Aqacc)z 0= gy | (7
1

After solving the equation in closed form, the quater-
nion component is determined Aq,.. =0.

The result of the accelerometer data processing pro-
vides the shortest rotation relative to the Z axis, so the
vector g, ~1.

In block 5, the process of scalar product Ag,.. on

the components of the quaternion Ag,,...

Provided that Agqq,.. >¢,(€209)

s ,\
dr = ACIoaCC ®AGyec -

To predict the orientation quaternion in the conditions
of influence of high-frequency accelerometer noise (dy-
namic influence on the determination of roll, UAV pitch),
the interpolation algorithm of equation (8) [18] based on

the identity quaternion is used ¢q; = [IOOO]T , aelo]:

Lerp (QI + Aqacc) = (ancc (1 - O())ql + oA - @)

The LERP algorithm does not support single normali-
zation of the delta quaternion, so the normalization opera-
tion occurs after the application of linear interpolation (9):

Aqacc = "éqacc

qacc

®

The points of the UAV orientation quaternion lie on
the surface of the hyper sphere (4D), provided that,
Aqo,ec < € 5 therefore, spherical linear interpolation was

used [18]:

sin([l - Ot]e)

sin O

N sin.(oce) A
sin 0

Slerp(ql +Aq e ) =

acc

Thus, ferromagnetic errors are compensated by the
process of “merging” the data of the magnetometer and
accelerometer, and switching between the respective algo-
rithms SLERP or LERP, depending on the operating con-
ditions of the algorithm.

In block 6 adaptive adjustments of gyroscope data.

The process of adaptive adjustment is carried out
when the UAV is moving at high acceleration and the
magnitude and direction of the acceleration vector differ
from gravity, so the orientation estimate can be based on
erroneous navigation data, which increases the accumula-
tion of position estimation error in space. However, it is
known [8] that the indicators of the gyroscope are not
affected by linear acceleration, so in this case the gyro-
scope data are used as the main source for evaluating the
determination of UAV positioning parameters.

To solve the problem of adaptive adjustment of UAV
positioning parameters, the error of setting a single vector
is determined u,, , which is given in the following equa-

tion:

m

~S
"
el
g

The accelerometer and magnetometer data correction
unit predicts a correction vector that initiates a prognosis
to estimate the orientation of the local gyroscope date
sensor reference system at the initial time point.
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The process of zero drift compensation of the gyro-
scope in a dynamic medium is based on the algorithm of
the Nesterov gradient descent [19]. This reduces the time
to find the extremes of the objective function (compo-
nents of the quaternion error of the gyroscope at time ¢).

*
SO bpos &(2ons,t—l ® qV(f) P

v = YAqﬁWIV(Q( Py As)t —yAq,),OSysl,

*
q(ég,ﬁs,rhs)t = q('g,&s,rhs) - Aqu .
Next, the initial data of inertial sensors is normalized

and, based on the obtained indicators; the UAV position-
ing parameters in space are predicted (11)

Qposa+1 =g, — (BA gy, - (11)
4 EXPERIMENTS

The experiment was conducted in the MatLab soft-
ware environment using a real set of UAV flight data at
speed vy p =40km/h, at the time interval of the UAV
flight r={1...300}c, sampling frequency of processing of
MEMS sensors navigation parameters AF =100Hz .

As initial data applied navigation parameters of
MEMS MPU - 9255 inertial navigation system. It is nec-
essary to achieve a minimum deviation of the UAV flight

trajectory f(c}g,&s,n%s ,l;,S )—) A pos (t)= min, in condi-

tions other MEMC sensors and INS elements do not in-
crease the angular velocity setting error.

During the experiment, attention was focused on the
response of the system during the dynamic movement
(series of turns) of the UAV. The phenomenon of dis-
placement of the sensors is a signal that changes slowly
over time. In order to avoid filtering of useful informa-
tion, the low-pass filter is used only when the sensor is
stationary. If the sensor is stationary, the offset is updated;
otherwise it is assumed that the correctness of the indica-
tors corresponds to the previous state.

The experiment compares the evaluation of the char-
acteristics of the proposed improved Madgwik filter in
different conditions with other MEMS PINS filtration
methods based on the original Madgwik filter and.

At the beginning, the general characteristics are evalu-
ated, and then the efficiency of different methods under
conditions of magnetic perturbation and high non-
gravitational acceleration is compared [20].

In the process of the experiment to ensure the correct-
ness of the measurements (acceleration, angular velocity
and value of the magnetic field strength) was used sensor
inertial navigation system MEMS "MPU-9250".

The process of determining the orientation of the
UAYV during the disappearance of GPS signals, was due to
the processing of acceleration data and magnetic field
data.
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Figure 2 — The process of compensating for MEMS magne-
tometer errors in the process of changing the ferro-magnetic
environment in the axis: a— X, b-Y,c-Z

The first two tests were to apply the effect of magnetic
perturbation for 2—-3 seconds, while in the third — the per-
turbation was static until the end of the experiment.

At the beginning of the experiment, the norm of the
measured magnetic field is constant; its value differs from
the norm of the reference vector of the magnetic field
(0.54 Gauss). The graph (Fig. 3, 4) compares the results
of three MEMS PINS filtering algorithms:

— the Madgwick filter is marked on the graph with a
red line;

— Kalman filter with green line;

—advanced Madgwick filter with black line.
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A popular RMSE error metric is used (Table 2), which
shows an estimate of the accuracy of determining the na-
vigation parameters of the PINS during the disappearance
of the GPS.

Figure 3 shows the result of the operation of filtering
algorithms for the process of compensating for the shift of
the drift zero of the gyroscope.
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Figure 3 — The result of the MEMS gyroscope filtration al-
gorithms in the axis:a— X, b-Y,c-Z

During the operation of the proposed improved
Madgwik filter, the effect of ferromagnetic interference
on course determination was reduced due to the two-step
filtering process of the correcting delta quaternion (accel-
erometer and magnetometer), while in the algorithm fer-
romagnetic perturbations, and the restoration of the cor-
rectness of the sensor occurs when eliminating the source
of ferromagnetic perturbation.

As a rule, the compensation of the drift of zero devia-
tion of the gyroscope occurs in stationary positions in the
process of finding the average value of the gyroscope or
the incompatibility matrix (Jacobi) is used to linearize
complex dynamic processes [10]. However, such methods
are not able to eliminate the trend of drift, being in dy-
namic motion and also increasing the increasing computa-
tional complexity. For this purpose, it is proposed in the
advanced Madgwik filtering algorithm to alternatively use
the block of the corrector of the gyroscope-quaternion,
at the time to predict the drift of zero displacement
(Fig. 1).

Figure 4 shows the result of the MEMS PINS filtering
algorithms in the process of error compensation affecting
the accelerometer performance of different speeds.
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Figure 4 — The result of the MEMS accelerometer filtering algo-
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Figure 5 shows graphically the results of determining
the navigation parameters (6,(p,\|/) using the classic and

advanced Madgwik filter, and the Kalman filter.
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The navigation estimation algorithm uses accelerome-
ter, magnetometer, and gyroscope measurements com-
bined into a linked coordinate system using the Earth’s
magnetic field and gravity vector to compensate for the
zero-angle MEMS error of the gyroscope when GPS sig-
nals are lost.

Table 1 — Comparison of data processing speed MEMS signals

of PINS
. Processing Standard
Algorithm time (pLs) deviation
Madgwik filtration 1.2839 0.7101
Advanced Madgwick 0.9846 0.4032
RKF 7.0408 0.2342

Table 2 — The standard deviation of navigation parameters
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Figure 5 — The result of filtering to determine the naviga-
tion parameters of the orientation using
a — Advanced Madgwick filter, b — the Madgwik filter, ¢ —
Kalman filter

5 RESULTS

Evaluation of the effectiveness of the method of im-
proving the accuracy of data processing MEMS — inertial
navigation system sensors in the autonomous mode of
UAV flight is performed using the software environment
MatLab 2020b and Python 3.7.

Table 1-2 presents an assessment of the effectiveness
of the results of filtering algorithms on the criterion of
standard deviation.

the following: angle ¢<1,3° angle 6<1,6° course angle
Wy <32°.

Low levels of accuracy of application of the Madgwik
filter are caused by the following factors: there is a diffi-
culty of exact definition of positioning in the course of
transformation of a quaternion of orientation from local
system of reference of the magnetometer sensor and gyro-
scope, into the global frame of reference. This phenome-
non occurs due to the limitation of the degree of freedom
in the system of orientation equations proposed by
Madgwik [13], which has two free-levels when the UAV
moves in a dynamic environment, the magnitude and di-
rection of the total measured acceleration vector different
from gravity, in this case the vector state is estimated us-
ing noisy data, which leads to a significant deterioration
in the determination of UAV orientation in space, the
Madgwik algorithm uses a packet gradient descent to find
the optimum error function of the orientation quaternion,
which in turn limits the signal processing speed of MEMS
PINS.

The application of the advanced Majvik filter to de-
termine the navigation parameters of the orientation
showed the following results: angle ¢<0,292°, angle
0<1,93°, course angle y<0,16° at a time interval

={1...300}c.
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6 DISCUSSIONS

In the framework of the work the main theoretical as-
pects of the method of improving the accuracy of MEMS
navigation data processing of the inertial navigation sys-
tem of UAVs are revealed. Implementation became pos-
sible as a result of in-depth study of existing methods of
processing UAV navigation systems. With the help of
experimental research of the proposed solutions it was
possible to obtain the adequacy of the proposed method
by comparing the results obtained with the results of their
application in the MathLab software environment. Struc-
tural and functional schemes of the PINS control system,
which is the basis of the methodology of the algorithm for
implementing an intelligent automatic control system of
the UAV control system, are given, especially in the case
of short-term signals from global positioning systems.

The proposed method gives positive results in terms of
a significant reduction in the standard deviation of naviga-
tion parameters, and as a result of a significant reduction
in the course deviation of the UAV.

CONCLUSIONS

The proposed method based on the advanced Madg-
wik filter shows better speed of data processing of naviga-
tion parameters and accuracy of positioning parameters in
UAYV space based on PINS micro electromechanical sys-
tem compared to extended filtering methods based on
extended filtering. 32%, and Madgwik 20%.

The difference between the proposed method and the
existing ones is as follows:

— firstly, it reduces the effect of ferromagnetic noise
on the course and pitch components when the magne-
tometer sensor is perturbed by local ferromagnetic noise;

— secondly, the proposed method does not use com-
plex calculations of matrix inversions while maintaining
low computational costs through the use of linear interpo-
lation algorithm;

— thirdly, the fast convergence of the UAV orientation
quaternion due to the algebraic solution;

— fourth, two different gain for the process of separate
filtration of different speeds and ferromagnetic noise of
the magnetic field;

— fifth, during the flight of the UAV in a dynamic en-
vironment, the Nesterov gradient descent algorithm is
used to calculate the component of the quaternary orienta-
tion error, while reducing computational costs and time to
find the minimum error function PINS MEMS navigation
parameters.

The obtained scientific result is expedient to use in
control systems of unmanned aerial vehicles in a complex
signal-interfering environment.
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METOJ NIABUINEHHS TOYHOCTI ObPOBKH HABIT! AIIMHUX JAHAX MEMC IHEPIIAJIBHOI
HABIT'AOIMHOI CUCTEMM BILIA

®ecenkxo O. JI. — Buxianad kadeapu TexHIYHOTO Ta METpoJIOridHOroO 3abe3mnedeHHs GakyabTeTy [HpopMaIiifHIX TeXHOJIOTiH
BilicbkOoBOr0 IHCTHTYTY TeJIeKOMYHiKalii Ta iHpopmarn3auii imeni I'epoiB Kpyt, Kuis, Ykpaina.

BeasikoB P. O. — xaHJ. TeXH. HayK, JIOLEHT, CTapUIMii BUKIanad kadeapu TexHIYHOTO Ta METPOJIOTiYHOrO 3a0e3mnedeHHs (haKy-
nbTeTy [HpOopManiiinux TexHomnoriii BilicbkkoBoro iHCTHTYTY TelaekoMyHikalii Ta indopmaru3auii imeni ['epoiB Kpyt, Kuis, Ykpai-
Ha.

PangiBinos I'. JI. — kaHz. TeXH. HayK, JAOLEHT, 3aCTYITHHK HaYaJbHUKA 3 HAYKOBOI poOOTH BiliCBKOBOrO iHCTHTYTY TEIEKOMYHi-
Kauii Ta inpopmaru3anii imeni ['epoiB Kpyt, Kui, Ykpaina.

Cacin C.A. — crapmmii Bukiagad kagenpu boioBoro 3actocyBaHHS HiIpO3/iIiB 3B 513Ky BilfiCbKOBOTO IHCTUTYTY TEIEKOMYHi-
Kariif Ta indpopmarn3zaunii imeni I'epoiB Kpyrt, Kuis, Ykpaina.

Bopucos O. B. — xany. TexH. HayK, crapiuuil Bukiaaad kagenpu [1o0ynoBu TenekoMyHikaliiHUX cucteM BilicbkoBoro iHCTH-
TYTY TeJIeKOMyHiKanii Ta indpopmatn3zauii imeni ['epoiB Kpyrt, Kuis, Ykpaina.

Bopucos 1. B. — kanj. TexH. HayK, IOLEHT, HAYAJIBHUK HAYKOBO-ZOCIIJHOTO YIPaBIIiHHSI HAyKOBO-I0CTiIHOrO iHCTUTYTY MiHic-
tepctBa O60oponu Ykpainu, Kuis, Ykpaina.

Jepkau T. B. — HauanpHuK BigaineHHs HaBYaIbHO-Ta00paTOPHOTO 3a0e3mnedeHHs BiiichKOBOTO IHCTUTYTY TeIEKOMYHIKamii Ta
inpopmatmsanii imeHi ['epois Kpyt, Kuis, Ykpaina.

KoBaabuyk O.0. — crapmmii BukiIagad kadeapu TexXHIYHOrO Ta METPOJIOridHOro 3abe3mnedeHHs (akynprery [HbopMamiiamx
TeXHOJIOTiH BilicbKOBOTO IHCTHTYTY TeJIeKOMyHiKarii Ta indpopmarn3zaunii imeni I'epoi Kpyrt, Kuis, Ykpaina.

AHOTAIIA

AxTyanbHicTh. CyuacHa Teopis 1 IpaKkTHKa HiIrOTOBKU Ta BEIICHHS BOEHHUX [l Ha Cyli, Ha MOpi, OBITpPi, a BilHeaBHA 1 y
KibeprpocTopi JUKTY€e HEBMIHUHHY MOJCPHI3allil0 BiHCHKOBOI TeXHiKH. Po3poOka MPUHLHKIIOBO HOBOTO O30pPOEHHS 3HIHCHIOETHCS 3
ypaxyBaHHSM OJIHi€l i3 OCHOBHMX BUMOI' — MaKCHMMaJIbHOI aBTOMAaTH3aLlil POLECIB eKCIuTyaTalil, o J03BoJIsg€ KoMOaTaHTaM Mak-
CHMAJIbHO JUCTAHIIIOBAaTUCS OAWH BiJ OJHOTO.

Cepen HOBITHIX 3pa3kiB 030pO€HHS Ha MMoJi 000, Yepe3 MepeBakHO MO3UIIHHUI XapaKTep BeICHHS 30POHHOTO MPOTHUCTOSHHS,
cTanu (aKTHYHO HE3aMiHHUMH, Yepe3 BJIACHY MYJIbTH3aJauHicTh, Oe3minoTHi yitaneHi anapat (BIIJIA). OgauM 3 NUIAXIB MigBH-
meHHs eexTrBHOCTI BITJIA Ha nmoumi 6010 € HiIBUIIEHHS PiBHS TEXHIYHOT JOCKOHAIOCTI CHCTEM KEPYBaHHS MOJIBOTY.

CTBOpEHHSI HOBUX MIJIXOJIB AJIsI NIPOSKTYBaHHS HaBIiramifHMX cucteM OE3MIIOTHHX JIITaJbHUX amapaTiB, 30KpeMa, Ha OCHOBI
6e3ruiaTopMeHHOI iHepHiabHOT HaBiraniifHO! CUCTEMH € aKTyaJIbHUM 3aBIaHHSM, L0 J03BOJIUThH 3a0€3IeUNTH aBTOMaTHYHE Kepy-
BaHHs MapipyToM nosiboty BITJIA 3a BiACyTHOCTI KOPUTYBaJIbHUX CUTHAJIB Bijl T100aIbHOT CHCTEMH CYITy THUKOBOT HaBiraiii.

Meta. Metoto poboTu € po3pobka METOy MiZABUIIEHHS TOYHOCTI 00poOku HaBiraumiiiaux gannx MEMC inepriiansHOi HaBira-
LiHHOT cucTeMu 0E3MIOTHOTO JIITaJIFHOTO anapary Ha OCHOBI BAOCKOHAIEHOTO GinbTpy MamKBika.

3a3HayeHUI METO]] TO3BOJIHUTH IiIBUIINTH IBUIKICTH OOPOOKH JTaHWX HaBIrallifHUX MapaMeTpiB Ta TOYHICTH BU3HAUCHHS Mapa-
MeTpiB no3unitoBaHHs B mpoctopi BITJIA 3a paxyHOK 3aCTOCYBaHHS BIOCKOHAJICHOTO QibTpy MamKkBika.

B po6oti nokaszano pospobieny 61o0k-cxemy ¢insrpanii MEMC BIHC Ha ocHOBI BrockoHaneHoro ¢insTpa Mamxsika, mpose-
JICHO JIeTalli30BaHUH MaTeMAaTHYHU OIKC MpowueciB (iIbTparii.

3a3HayeHui MeTox OyB anpoOOBaHUT EKCIIEPUMEHTAILHO B TporpaMHOMY cepenoBuili MatLab BUKOpHCTOBYIOUYH peasibHU Ha-
6ip nanux 3i0panuii B mpoueci nonsoty BITJIA.

Metoa. [l NOCSATHEHHS! MOCTABJICHOI METH BHUKOPHCTAHO TaKi METOH: IHTENEKTyalbHI CHCTEMH, TEOpis aBTOMAaTHYHOTO
YIpaBIiHHA, TICEBIOCIIEKTPATBHUI METOI; METOIH Ha 0a3i TeHETUYHOTO aJrOPUTMY Ta almapar HeYiTKoi HEHPOHHOI MepexKi.
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PesyabTaTn. Po3po6iieHO MeTO MiIBUINEHHS TOYHOCTI 00poOKky HaBiramiitanx gannx MEMC iHepLiaibHOI HaBiramiiHol cuc-
TeMH OE3IUIOTHOrO JITAIBHOrO amapary Ha OCHOBI BJOCKOHaieHoro ¢inbrpy Masmpksika. [IOCIiDKEHO MOXKIMBICTh IPAKTHYHOTO
3aCTOCYBaHHSI OTPHMAHUX PE3yJIbTATiB Ta MOPIBHSIHO 3 TpaguLiitHUMU MeTonamu. [IpoBeieHO eKCIIepUMEeHT B IPOrpaMHOMY cepe-
nosuii MatLab, Ta npoBeneHo MOPiBHIHHS i3 MeTOAOM 00pOOKH HaBirauiifHMX AaHUX Ha OCHOBI QiIbTPY Mamksika i GpinsTpy Ka-
JIMaHa.

BucHoBku. Po3pobienuii MeTo miABUIICHHS TOYHOCTI 00poOKyu HaBiraniiaux aannx MEMC iHepuianbHOi HaBiramiiHOi cuc-
TeMH O€3MUIOTHOTO JITAJBHOTO anapaTy Ha OCHOBI BIOCKOHaJCHOTO PibTpy MakBika MoKa3ye mepeBary MOpiBHAHO i3 BiIOMUME
METOJaMH 3a BiJICYTHOCTI KOPHTYBAJIbHUX CHTHAJIB BiJ INI0OAJIBHOI CHCTEMHU CYIyTHHKOBOI HaBiramii i3 TOYHOCTI Ta IIBHAKOCTI
00poOKH HaBiramiiHUX TAHHUX.

KJIFOUOBI CJIOBA: inTenekryaibHa cUCTEMa aBTOMAaTHYHOIO YIPAaBIiHHS, HaBiramiiiHa cucreMa, O€3NMUIOTHUN JiTaIbHUIM
arapar.
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METO/J INIOBBLIINEHUSI TOYHOCTH OBPABOTKM HABUT'AIMOHHbIX JTAHHBIX MOMC UHEPLIUAJIBHOM
HABUTI'AIUOHHOU CUCTEMBI BILIA

®ecenko O. [I. — npenonasaress Kapenpsl TeXHUIECKOr0 U METPOJIOTHYECKOro obecredeHus ¢akynbrera MHGpopMamoHHbIX
TexHoJoruii BoeHHOro MHCTUTYTa TelleKOMMYyHUKanui 1 nHdopMarnzauuu umenn ['epoes Kpyt, Kues, Ykpanna.

BeasikoB P. O. — kaH/. TexH. HayK, JOLEHT, CTApIIN mpernonasatesb kadenpsl TEeXHUUECKOTO U METPOJIOTHYECKOr0 obecreye-
nust ¢axynprera VHQOpMAIMOHHBIX TeXHOIOrHH BOSHHOro MHCTHTYTa TEJICKOMMYHHKAlMil W MHbOpMaTH3auuu UMeHH [ epoeB
Kpyt, Kues, Ykpaunna.

PamsuBuaos I'. JI. — xaHa. TexH. HayK, JOLEHT, 3aMECTUTEh HaYaJIbHAKA N0 Hay4yHOH pabore BOEHHOrO MHCTHTYTa TEIEKOM-
MyHUKaIi 1 nHpopMmartu3anun umenu ['epoeB Kpyt, Kues, Ykpauna.

Cacun C.A. — crapmmii npernogasaTens kadenpsl boeBoro nmpuMeHeHus moapasielieHni cBI3u BoeHHOr0 HHCTHTYTA TEIEKOM-
MyHUKaui 1 nHpopMmartu3anuu umenu ['epoeB Kpyt, Kues, Ykpauna.
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AHHOTAIUA

AkTyanbHocTb. CoBpeMeHHasl TeOpUs ¥ NMPAKTHKA MOATOTOBKH U BEAECHUS BOCHHBIX JEWCTBUII Ha CyIlle, HA MOPE, BO3IYyXeE, a C
HEJIaBHUX MOP U B KUOEPIIPOCTPAHCTBE JUKTYET HEYCTAaHHYIO MOJEPHU3ALUIO BOGHHON TeXHUKH. Pa3paboTka MpUHIMNNAIBHO HOBO-
IO BOOPY’KEHHS OCYIIECTBIACTCS C y4ETOM OJHOTO M3 OCHOBHBIX TPEOOBAHMH — MaKCHMalbHOW aBTOMATH3aIMU IPOIECCOB KC-
ILTyaTaIiH, TO3BOJISIET KOMOAaTaHTaM MaKCHMAaJIbHO AMCTaHI[IPOBATHCA APYT OT APYyTa.

Cpenn HOBeHIIMX 00pa3IOB BOOPYXKEHHS HA Ioie 00s, depe3 NPeHMYyIIECTBEHHO MTO3UIMOHHBIA XapaKkTep BEACHUS BOOPYKEH-
HOTO HPOTHBOCTOSIHHMS, CTAIN (haKTUUECKN HE3aMEHUMBIMH, Yepe3 COOCTBEHHYIO MYJIbTH3aadHOCTb, OCCIIIOTHBIC JIETATeIbHBIC
armapartsl (BITJIA). OxgnuM u3 myreit nosbimenus d¢dexrrBHocTy BITJIA Ha mose 6ost sSIBIIseTCs MOBBIIIEHHE YPOBHS TEXHUYECKOTO
COBEPLICHCTBA CHCTEM YIIPABJICHUS TIOJIETOM.

Co31aHue HOBBIX NMOJXO0J0B ISl IPOEKTHPOBAHNUS HABUTAIIMOHHBIX CHCTEM OECITMIOTHBIX JIETATEIbHBIX aIllIapaToOB, B YaCTHOCTH,
Ha OCHOBE OecruiaTGOopMEHHOM HHEPLHATbHOI HAaBUTALMOHHON CHCTEMBI SIBISICTCS aKTyaJlbHOM 3a/adeil, 4To MO3BOJIUT 00ECIIeUUTh
aBTOMAaTHYECKOE yINpaBieHHe MapmpyTy nonera BIIJIA mpu OTCyTCTBHH KOPPEKTHPYIOMIMX CHIHAJIOB OT TJIOOATbHON CHCTEMEI
CIIyTHUKOBOH HaBHTAIUN.

Lean. Lenbro paboTs! sBIIsieTCS pa3paboTka METO/A MOBBILICHUS] TOYHOCTH 00paboTKN HaBUTAMOHHBIX HaHHEIX MEMC unep-
[UATGHON HABUTaMOHHONW CHCTEMBI OCCIMJIOTHOTO JIETAaTEeJIbHOTO allapaTa Ha OCHOBE YCOBEPIICHCTBOBAHHOTO (HIBTPA
MaxBuka.

VYka3aHHBIH METOJ MO3BOJMT IOBBICUTH CKOPOCTh 0OpPAOOTKM AHHBIX HABUTAMOHHBIX MApaMEeTPOB M TOYHOCTH ONPEIEIICHUS
rapaMeTpoB MO3ULIKMOHUPOBaHuUs B pocTpancTBe BITJIA 3a cueT mpuMeHeHus yCOBEepIIEHCTBOBAHHOTO GuiabTpa MamKBuKa.

B pabote moka3aHo paspaboranHyio Onok-cxemy ¢uimbrpain MOMC BMHC Ha ocHOBE yCOBEpLICHCTBOBAHHOTO (uibTpa
MakBHKa, IPOBEAEHO JETATH3HPOBAHHOE MATEMAaTHIECKOE OMMHCAHKE MIPOLECCOB (PUITBTPALIUHL.

YkazaHHBI MeTOJ ObUT anpoOHPOBaH SKCIEPHUMEHTAIBHO B IPOrpaMMHOM cpene MatLab ucnons3ys peanbHbI HA00P TaHHBIX,
coOpaHHBIX B nporiecce nosera BITJIA.

Metoa. st JOCTH>KEHUS TOCTABICHHON II€TH MCHOIB30BaHbI CIEAYIONINE METOABI: HHTEIUICKTyaIbHbIE CHCTEMBI, TEOPHUS aBTO-
MaTHUYECKOr0 YIPaBJICHHs, ICEBAOCIEKTPAILHUN METOJ], METO/IBI Ha 0a3e reHEeTHYECKOro aIrOpUT™Ma M anmnapar HedeTKOH HeWpoH-
HOM ceTu.

Pe3yabTaThl. Pa3zpaboran MeTos MOBHIICHUS TOYHOCTH 00pabOTKK HaBUrauMOHHBIX AaHHBIX MEMC nHepuuansHOi HaBUTAIM-
OHHOW CHCTeMBbI OECIMJIOTHOTO JICTATEJILHOTO alnapaTa Ha OCHOBE YCOBEpIICHCTBOBaHHOro (uibrpa Mamksuka. MccienosaHa
BO3MOKHOCTh NPAKTHIECKOTO MPUMEHEHHUS MOIYYEeHHBIX PE3yIbTaTOB M MO CPABHEHUIO C TPAAHUIMOHHBIMH MeToxamu. [IpoBemeH
9KCIIEpUMEHT B IporpamMmHoi cpexe MatLab, n mpoBeaeHoO cpaBHEHHE ¢ METOJOM 0OpabOTKH HaBUTAaIMOHHBIX AAHHBIX HA OCHOBE
¢mnbpTpa Mamkeuka u puiasTpa Kanmana.
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10.

BuiBoasbl. Pa3paboTaHHbI METO]| TOBBIICHHSI TOYHOCTH 00pabOTKH HaBHTanMOHHBIX AaHHBIX MEMC wmHepuuanbHO# HaBUra-
LIMOHHON CHUCTEMBbI OCCIMIIOTHOTO JICTATENILHOTO amiapara Ha OCHOBE YCOBEPIICHCTBOBAaHHOTO (mibTpa MaJKBHKA, MOKAa3bIBACT
MPEUMYIIECTBO MO CPABHCHHIO C M3BECTHBHIMU METOJAMH, MPU OTCYTCTBHH KOPPEKTUPYIOIIUX CHUTHAIIOB OT TJI00aTbHOW CHCTEMbI
CIlyTHUKOBOM HaBUTAIIMX C TOYHOCTU M CKOPOCTH 00pabOTKM HABUT'ALIMOHHBIX JaHHbIX.

KJ/IFOYEBBIE CJIOBA: nHTemIeKTyallbHast CHCTEMa aBTOMAaTHYECKOTO yNpPaBeHUs, HAaBUTallMOHHAs CUCTeMa, OSCTIMIOTHBIN
JIeTaTeIbHBIN anmapar.
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