
e-ISSN 1607-3274   Радіоелектроніка, інформатика, управління. 2022. № 3 
p-ISSN 2313-688X  Radio Electronics, Computer Science, Control. 2022. № 3 

 
 

© Fesenko O. D., Bieliakov R. O., Radzivilov H. D., Sasin S. A., Borysov I. V., Borysov V. V., Derkach T. M., Kovalchuk O. O., 2022 
DOI 10.15588/1607-3274-2022-3-18 

UDC 004.852 
 

METHOD OF IMPROVING THE ACCURACY OF NAVIGATION MEMS 
DATA PROCESSING OF UAV INERTIAL NAVIGATION SYSTEM 

 
Fesenko O. D. – Lecturer of the Department of Technical and Metrological Support of the Information Technolo-

gies Faculty, Military Institute of Telecommunications and Informatization named after Heroes of Kruty, Kiev, 
Ukraine. 

Bieliakov R. O. – PhD, Associate Professor, Senior Lecturer of the Department of Technical and Metrological Sup-
port of the Information Technologies Faculty, Military Institute of Telecommunications and Informatization named 
after Heroes of Kruty, Kiev, Ukraine. 

Radzivilov H. D. – PhD, Associate Professor, Deputy Head for Scientific Work of the Military Institute of Tele-
communications and Informatization named after Heroes of Kruty, Kiev, Ukraine. 

Sasin S. A. – Senior Lecturer of the Department of Combat Application of Communications Units, Military Institute 
of Telecommunications and Informatization named after Heroes of Kruty, Kiev, Ukraine. 

Borysov O. V. –  PhD, Senior Lecturer of the Department of Construction of Telecommunication Systems, Military 
Institute of Telecommunications and Informatization named after Heroes of Kruty, Kiev, Ukraine. 

Borysov I. V. – PhD, associate professor, Head of Research Department of the Research Institute of the Ministry of 
Defense of Ukraine, Kyiv, Ukraine. 

Derkach T. M. – Head of the department of education of the Military Institute of Telecommunications and Informa-
tization named after Heroes of Kruty, Kiev, Ukraine. 

Kovalchuk O. O. – Senior Lecturer of the Department of Technical and Metrological Support of the Information 
Technologies Faculty, Military Institute of Telecommunications and Informatization named after Heroes of Kruty, 
Kiev, Ukraine. 

 
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 
MEMS is a micro-electromechanical system;  
PINS is a platformless inertial navigation system; 
SLERP is a spherical linear interpolation algorithm; 
LERP is a linear interpolation algorithm; 

RKF is a recursive Kalman filter; 
RMSE is a root mean square error. 

 
NOMENCLATURE 

  – angular velocity; 
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tq ,  – quaternion of UAV orientation; 

S
tq,  – the resulting angular velocity vector of the lo-

cal frame of reference of the gyroscope sensor (rad / s); 

1, t
E
S q – the quaternion of the preliminary estimation 

of orientation (at t–1 step of the local frame of reference S 
relative to the global frame of reference E); 

  – Hamilton’s product; 
t  – time interval of initial data processing; 

1, tgq  – forecasting quaternion; 

1, tposq  – quaternion of orientation of the previous 

state; 
SS aa   – initial accelerometer data with an errors; 

Eg  – gravity vector data; 
S

Eq*  – inverse quaternion orientation; 

l  – the rotation vector of the magnetic relative field to 
the sensor reference system; 

SS mm   – magnetometer data with an errors; 
G  – quaternion of the optimal number of operations 

of rotation of the vector l in the vector projection lying on 
the positive half-plane Z relative to the global coordinate 
system; 

 mag
T qR  – matrix of rotation of the magnetometer 

quaternion data; 

magq̂  – the result of calculating of the delta quater-

nion values of the magnetometer relative to the global 
frame of reference; 

accq̂  – the result of calculating of the delta quater-

nion the values of the accelerometer relative to the global 
frame of reference; 

E
pg  – vector of predicted gravity relative to the global 

frame of reference (UAV positioning); 

mu  – unit vector describing the axis of rotation; 

Sa~  – normalization of accelerometer data of the lo-

cal frame considering of the gravitational constant 
81.9g м/с2; 

  – the threshold value of the gain; 
  – gain, which characterizes the cut-off frequency of 

high-frequency pulses of the accelerometer signal; 

)( fq  – the quaternion is obtained using the Nesterov 

gradient descent algorithm; 
  – response time when tracking the drift of zero dis-

placement of the gyroscope; 
S
posb  – quaternion of values of orientation deviation;  

tposq ,ˆ  – the result of calculating the values of the qua-

ternion of orientation prediction; 

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

  – pitch angle navigation parameter, (deg); 
  – yaw angle navigation parameter, (deg); 

  – 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 

 SSSSS
pos

S
tq mmaab  ,,, .

 
To compensate for the deviations in the installation of 

navigation parameters   ,,  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   .min tpos  

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-

ing;  
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): 

 

1,,,
*

, 2

1
  t

E
S

S
tqt

E
St

S
E qqq  , (1)

 

where S
tq, ]   0[ zyx  .  

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

 
.,1,1, tqqq ttpostg    (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 SSES
tE aagqR )( , . 

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: 
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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). 

 

  .* lmqR SS
E 


 (3)
 

The next step is the process of calculating the quater-

nion 22
yx llG  , to calculate (4) 
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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 
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then there is the process of calculating the delta 
quaternion of the magnetometer  
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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,  

 

 Тmagmagmag qqq 30 0 0  . 
 

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

 

.ˆˆ
magacc

S
E

S
E qqqq 


 (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 accq , which converts 

the gravitational data of the global frame of reference S
Eq  

in predicted gravity E
pg : 

 

  .* E
p

SS
E gaqR 


 (6)
 

Next is the transformation of the normalized UAV po-
sitioning data vector  
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After solving the equation in closed form, the quater-

nion component is determined 0 accq . 

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

In block 5, the process of scalar product accq0  on 

the components of the quaternion accq .  

Provided that   accq0 , ( 9.0 ) 
 

accacc
S
E qqq  ˆ

0 . 
 

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  TIq 1000 ,  1,0 : 

 

     accIaccaccI qqqqqLerp  1 . (8)

 
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): 

 

acc

acc
acc

q

q
q




̂ . (9)

 
The points of the UAV orientation quaternion lie on 

the surface of the hyper sphere (4D), provided that, 
 accq0 , therefore, spherical linear interpolation was 

used [18]: 
 

      
accIaccI qqqqSlerp 










sin

sin

sin

1sin
. 

 
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 mu , which is given in the following equa-

tion: 
 

g

ga
u

S

m




~

. (10)

 

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 t). 

So,  )(
*

1,2 ftpos
S
pos qqb   ,  

  10,*
ˆ,ˆ,ˆ)( 





   tmaqtf qqqqq

t
SSS

E
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    1ˆ,ˆ,ˆ
*

ˆ,ˆ,ˆ 1



tmaqmaq

qqq
t

SSS
Et

SSS
E

. 

 
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) 

 
  ttgtpos qtqq ,,1,ˆ   . (11)

 
4 EXPERIMENTS 

The experiment was conducted in the MatLab soft-
ware environment using a real set of UAV flight data at 
speed hkmvUAV /40 , at the time interval of the UAV 

flight t={1…300}с, sampling frequency of processing of 
MEMS sensors navigation parameters HzF 100 .  

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     minˆ,ˆ,ˆ,ˆ  tbmaqf pos
S
t

SSS
E , 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 
UAV during the disappearance of GPS signals, was due to 
the processing of acceleration data and magnetic field 
data. 

 
a 

 
b 

 
c 

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. 

 
a 

 
b 

 
c 

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.  

 
a 

 
b 

 
c 

Figure 4 – The result of the MEMS accelerometer filtering algo-
rithms in the axis: a – X, b – Y, c – Z 
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Figure 5 shows graphically the results of determining 
the navigation parameters   ,,  using the classic and 

advanced Madgwik filter, and the Kalman filter.  
 

 
a 

 
b 

 
c 

Figure 5 – The result of filtering to determine the naviga-
tion parameters of the orientation using 

a – Advanced Madgwick filter, b – the Madgwik filter, c – 
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 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 

Algorithm  
Processing 
time (μs) 

Standard  
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 
Navigation 
parameters 

Madgwik filtra-
tion 

Advanced 
Madgwik 

RKF 

θ 1,6 1,932 1,9 
φ 1,3 0,292 6,5 
  12,3 1,163 32,1 

 
The results of applying the Kalman filter to determine 

the navigation parameters of the orientation showed the 
following: angle  <6,5º, θ<1,9º, course angle  <32º, at 

a time interval t={1…300}s. 
Low levels of accuracy of the Kalman filter are caused 

by the following factors: process of linearization of the 
dynamic UAV model reduces the accuracy of forecasting 
taking into account nonlinear errors of the dynamic state 
of the system. 

The results of the application of the Madgwik filter on 
the value of navigation parameters of orientation showed 
the following: angle φ<1,3º, angle θ<1,6º, course angle 
 <32º.  

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 φ<0,292º, angle 
θ<1,93º, course angle  <0,16º at a time interval 

t={1…300}с. 
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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 
UAV 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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AНОТАЦІЯ 

Актуальність. Сучасна теорія і практика підготовки та ведення воєнних дій на суші, на морі, повітрі, а віднедавна і у 
кіберпросторі диктує невпинну модернізацію військової техніки. Розробка принципово нового озброєння здійснюється з 
урахуванням однієї із основних вимог – максимальної автоматизації процесів експлуатації, що дозволяє комбатантам мак-
симально дистанціюватися один від одного.  

Серед новітніх зразків озброєння на полі бою, через переважно позиційний характер ведення збройного протистояння, 
стали фактично незамінними, через власну мультизадачність, безпілотні літальні апарати (БПЛА). Одним з шляхів підви-
щення ефективності БПЛА на полі бою є підвищення рівня технічної досконалості систем керування польоту. 

Створення нових підходів для проектування навігаційних систем безпілотних літальних апаратів, зокрема, на основі 
безплатформенної інерціальної навігаційної системи є актуальним завданням, що дозволить забезпечити автоматичне керу-
вання маршрутом польоту БПЛА за відсутності коригувальних сигналів від глобальної системи супутникової навігації. 

Мета. Метою роботи є розробка методу підвищення точності обробки навігаційних даних MEMC інерціальної навіга-
ційної системи безпілотного літального апарату на основі вдосконаленого фільтру Маджвіка. 

Зазначений метод дозволить підвищити швидкість обробки даних навігаційних параметрів та точність визначення пара-
метрів позиціювання в просторі БПЛА за рахунок застосування вдосконаленого фільтру Маджвіка. 

В роботі показано розроблену блок-схему фільтрації МЕМС БІНС на основі вдосконаленого фільтра Маджвіка, прове-
дено деталізований математичний опис процесів фільтрації.  

Зазначений метод був апробований експериментально в програмному середовищі MatLab використовуючи реальний на-
бір даних зібраний в процесі польоту БПЛА.  

Метод. Для досягнення поставленої мети використано такі методи: інтелектуальні системи, теорія автоматичного 
управління, псевдоспектральний метод; методи на базі генетичного алгоритму та апарат нечіткої нейронної мережі. 
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Результати. Розроблено метод підвищення точності обробки навігаційних даних MEMC інерціальної навігаційної сис-
теми безпілотного літального апарату на основі вдосконаленого фільтру Маджвіка. Досліджено можливість практичного 
застосування отриманих результатів та порівняно з традиційними методами. Проведено експеримент в програмному сере-
довищі MatLab, та проведено порівняння із методом обробки навігаційних даних на основі фільтру Маджвіка і фільтру Ка-
лмана.  

Висновки. Розроблений метод підвищення точності обробки навігаційних даних MEMC інерціальної навігаційної сис-
теми безпілотного літального апарату на основі вдосконаленого фільтру Маджвіка показує перевагу порівняно із відомими 
методами за відсутності коригувальних сигналів від глобальної системи супутникової навігації із точності та швидкості 
обробки навігаційних данних. 

КЛЮЧОВІ СЛОВА: інтелектуальна система автоматичного управління, навігаційна система, безпілотний літальний 
апарат. 
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AННОТАЦИЯ 

Актуальность. Современная теория и практика подготовки и ведения военных действий на суше, на море, воздухе, а с 
недавних пор и в киберпространстве диктует неустанную модернизацию военной техники. Разработка принципиально ново-
го вооружения осуществляется с учетом одного из основных требований – максимальной автоматизации процессов экс-
плуатации, позволяет комбатантам максимально дистанцироваться друг от друга. 

Среди новейших образцов вооружения на поле боя, через преимущественно позиционный характер ведения вооружен-
ного противостояния, стали фактически незаменимыми, через собственную мультизадачность, беспилотные летательные 
аппараты (БПЛА). Одним из путей повышения эффективности БПЛА на поле боя является повышение уровня технического 
совершенства систем управления полетом. 

Создание новых подходов для проектирования навигационных систем беспилотных летательных аппаратов, в частности, 
на основе бесплатформенной инерциальной навигационной системы является актуальной задачей, что позволит обеспечить 
автоматическое управление маршруту полета БПЛА при отсутствии корректирующих сигналов от глобальной системы 
спутниковой навигации. 

Цель. Целью работы является разработка метода повышения точности обработки навигационных данных MEMC инер-
циальной навигационной системы беспилотного летательного аппарата на основе усовершенствованного фильтра           
Маджвика. 

Указанный метод позволит повысить скорость обработки данных навигационных параметров и точность определения 
параметров позиционирования в пространстве БПЛА за счет применения усовершенствованного фильтра Маджвика. 

В работе показано разработанную блок-схему фильтрации МЭМС БИНС на основе усовершенствованного фильтра   
Маджвика, проведено детализированное математическое описание процессов фильтрации. 

Указанный метод был апробирован экспериментально в программной среде MatLab используя реальный набор данных, 
собранных в процессе полета БПЛА. 

Метод. Для достижения поставленной цели использованы следующие методы: интеллектуальные системы, теория авто-
матического управления, псевдоспектральний метод, методы на базе генетического алгоритма и аппарат нечеткой нейрон-
ной сети. 

Результаты. Разработан метод повышения точности обработки навигационных данных MEMC инерциальной навигаци-
онной системы беспилотного летательного аппарата на основе усовершенствованного фильтра Маджвика. Исследована 
возможность практического применения полученных результатов и по сравнению с традиционными методами. Проведен 
эксперимент в программной среде MatLab, и проведено сравнение с методом обработки навигационных данных на основе 
фильтра Маджвика и фильтра Калмана. 
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Выводы. Разработанный метод повышения точности обработки навигационных данных MEMC инерциальной навига-
ционной системы беспилотного летательного аппарата на основе усовершенствованного фильтра Маджвика, показывает 
преимущество по сравнению с известными методами, при отсутствии корректирующих сигналов от глобальной системы 
спутниковой навигации с точности и скорости обработки навигационных данных.  

КЛЮЧЕВЫЕ СЛОВА: интеллектуальная система автоматического управления, навигационная система, беспилотный 
летательный аппарат.  

 
ЛІТЕРАТУРА / ЛИТЕРАТУРА 

1. Civil UAV Capability Assessment [Electronic resource] / 
Timothy H. Cox, Christopher J. Nagy, Mark A. Skoog et 
al.]. – Ac-
cess mode: http://www.nasa.gov/centers/dryden/pdf/111760
main_UAV_Assessment_Report_Overview.pdf. 

2. Design and Analysis of a Single Camera Omnistereo Sensor 
for Quadrotor Micro Aerial Vehicles (MAVs) / 
[C. Jaramillo, R. G. Valenti, L. Guo et al.] // Sensors. – 
2016. – Vol. 16(2). – P. 217 – 218. DOI: 
10.3390/s16020217. 

3.  Noise Reduction of MEMS Gyroscope Based on Direct 
Modeling for an Angular Rate Signal / [L. Xue, C. Y. Jiang, 
L. X. Wang et al.] // Micromachines. – 2015. – Vol. 6(2). – 
P. 266–280. DOI: 10.3390/mi6020266. 

4.  Sheng G. R. Application of Improved Wavelet Threshold-
ing Method and an RBF Network in the Error Compensating 
of an MEMS Gyroscope / G. R. Sheng, G. W. Gao, 
B. Y. Zhang // Micromachines. – 2019. – Vol. 10. – P. 608–
619. DOI: 10.3390/mi10090608. 

5.  Fakharian A. Adaptive Kalman filtering based navigation: 
An IMU/GPS integration approach / A. Fakharian, 
T. Gustafsson, M. Mehrfam // International Conference on 
Networking (ICNSC 2011), Delft, 11–13 April 2011 : pro-
ceedings. – Los Alamitos: IEEE, 2011. – P. 181–185. DOI: 
10.1109/icnsc.2011.5874871. 

6.  Tian F. Sensor fault diagnosis for an UAV control system 
based on a strong tracking Kalman filter / F. Tian, 
J. Y. Zheng, T. Zhang // Appl. Mech. Mater. – 2014. – 
Vol. 687. – P. 270–274. DOI: 
10.4028/www.scientific.net/amm.687-691.270. 

7. Flexible and dynamic mission planning architecture for 
UAV swarm coordination / [C. Sampedro, H. Bavle, 
J. L. Sanchez-Lopez et al.] // IEEE International Conference 
on Unmanned Aircraft Systems, Arlington, USA, 7–10 June 
2016 : proceedings. – Los Alamitos: IEEE, 2016. – P. 188 – 
203. DOI: 10.1109/icuas.2016.7502669. 

8. A complementary filter for attitude estimation of a fixed-
wing UAV / [M. Euston, P. Coote, R. Mahony et al.] // IEEE 
International Conference on Intelligent Robots and Systems, 
Nice, France, 22–26 September 2008 : proceedings. – Los 
Alamitos: IEEE, 2008. – P. 340–345. DOI: 
10.1109/iros.2008.4650766. 

9. Mahony R. Nonlinear Complementary Filters on the Special 
Orthogonal Group / R. Mahony, T. Hamel, J. Pflimlin // 
IEEE Trans. Autom. Control. – 2008, Vol. 53. – P. 1203–
1218. DOI: 10.1109/tac.2008.923738. 

10. An extended Kalman filter for quaternion-based orientation 
estimation using MARG sensors / [J. L. Marins, X. Yun, 
E. R. Bachmann et al.] // IEEE International Conference on 
Intelligent Robots and Systems, Maui, HI, USA, 29 Octo-
ber–3 November 2001 : proceedings. – Los Alamitos : 

IEEE, 2002. – P. 2003–2011. DOI: 
10.1109/iros.2001.976367. 

11. Hajiyev C. Robust adaptive Kalman filter for estimation of 
UAV dynamics in the presence of sensor/actuator 
faults [Electronic resource] / C. Hajiyev, E. Soken. – Access 
mode: https://www.sciencedirect.com/science/article/abs/pii/
S1270963812002027?via%3Dihub. DOI: 
10.1016/j.ast.2012.12.003. 

12. Shi E. An improved real-time adaptive Kalman filter for 
low-cost integrated GPS/INS navigation [Electronic re-
source] / E. Shi. – Access mode: 
https://ieeexplore.ieee.org/abstract/ document/6273443. 
DOI: 10.1109/mic.2012.6273443. 

13. Madgwick S. O. H. Estimation of IMU and MARG orienta-
tion using a gradient descent algorithm / S. O. H. Madgwik, 
A. J. L. Harrison, A. Vaidyanathan // IEEE International 
Conference on Rehabilitation Robotics, Zurich, Switzerland, 
29 June–1 July 2011 : proceedings. – Los Alamitos: IEEE, 
2011. – P. 1–7. DOI: 10.1109/icorr.2011.5975346. 

14. Hsu Y.L. Random Drift Modeling and Compensation for 
MEMS-Based Gyroscopes and Its Application in Handwrit-
ing Trajectory Reconstruction / Y. L. Hsu, J. S. Wang // 
IEEE Access. – 2019. – P 17551–17560. DOI: 
10.1109/access.2019.2895919. 

15. Nesterov Yu. Gradient methods for minimizing composite 
functions. Mathematical Programming [Electronic resource] 
/ Yu Nesterov. – Access mode: 
https://link.springer.com/article/ 10.1007/s10107-012-0629-
5. DOI: 10.1007/s10107-012-0629-5. 

16. Shi G. A new measurement for yaw estimation of land ve-
hicles using MARG sensors [Electronic resource] / G. Shi, 
X. Li, Z. Wang.  – Access mode: 
https://doi.org/10.1108/SR-10-2018-0276.  

17. Modeling Earth’s ever-shifting magnetism [Electronic re-
source] / [A. Brown, W. Alken, P. Macmillan, S. Paniccia]. 
– Access mode: https://doi.org/10.1029/ 2021EO153457.  

18.  Shoemaker K. Animating Rotation with Quaternion Curves 
/ K. Shoemaker // Conference of Special Interest Group on 
Graphics and Interactive Techniques 22–26 July 1985 : pro-
ceedings. – SIGGRAPH, 1985. – P. 245–254. DOI: 
10.1145/325165.325242. 

19. Shi Y.S. Study on MEMS Gyro Signal De-Noising Based on 
Improved Wavelet Threshold Method / Y. S. Shi, Z. F. Gao 
// Appl. Mech. Mater. – 2013. – Vol. (433). – P. 1558–1562. 
DOI: 10.4028/www.scientific.net/amr.466-467.986. 

20. Trajectory Control Method Of UAV In Autonomous Flight 
Mode Using Neural Network MELM Algorithm / [O. Fe-
senko, R. Bieliakov, H. Radzivilov et al.] // IEEE 2nd Inter-
national Conference on Advanced Trends in Information 
Theory (ATIT), 15–18 December 2020 : proceedings. – 
IEEE. – 2021. – P. 114–118. DOI: 
10.1109/ATIT50783.2020.9349317.

 
 

207




